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ABSTRACT 
EXPERIMENTAL AND MODELING STUDIES ON THE FORMULATION OF STABLE LIPID 
NANOPARTICLE DISPERSIONS 
 
FEBRUARY 2015  
 
YIHUI YANG 
  
B.A., DALIAN UNIVERSITY OF TECHNOLOGY  
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
  
Directed by: Professor Michael A. Henson 
 
 
 
Solid lipid nanoparticles (SLNs) have applications in drug delivery and the encapsulation 
of bioactive, lipophilic compounds such as those required for functional foods. A major obstruction 
to the industrial use of SLNs is their tendency to aggregate and form large particles and eventually gels 
when stored at room temperature. Aggregation is driven by the lipid crystals undergoing a 
polymorphic transformation from the thermodynamically unstable -form through the ’-form to the 
stable -form. A large increase in surface area occurs as spherical  particles are transformed into 
platelet-like  particles, causing a substantial decrease in surfactant coverage on the hydrophobic 
surfaces and inducing particle aggregation. Second generation encapsulation systems have been 
developed by incorporating a liquid carrier oil into the solid lipid matrix to form so-called 
nanostructured lipid carriers (NLCs). NLCs have been shown to have improved bioactive compound 
encapsulation and delivery properties compared to SLNs, but the enhanced stability of NLC dispersions 
to aggregation is not well understood.  
This thesis presents both experimental and modeling studies on the formulation of stable lipid 
nanoparticle dispersions. A population balance equation (PBE) model was developed for prediction of 
the average polymorph content and aggregate size distribution to better understand the undesirable 
SLN aggregation behavior. Experimental and modeling studies showed that the polymorphic 
 vii 
transformation was the rate determining step for my system, SLNs with smaller initial size distributions 
aggregated more rapidly, and aggregates contained particles with both  and  crystals. Next the 
effect of different liquid carrier oils on the crystallization and aggregation behavior of tristearin NLC 
dispersions was investigated. I found that NLC dispersion stability was strongly affected by the type 
and amount of the oil. The results suggested that oil trapped within the growing crystal matrix 
accelerated the polymorphic transformation but retarded the large shape change normally associated 
with the transformation. Based on PBE simulation results, I hypothesized that improved NLC dispersion 
stability was attributable to both reduced particle shape change, which created less new surface area 
to be covered by surfactant, and increased mobility of surfactant molecules, which resulted in 
available surfactant being more efficient at covering created surface area. Finally I also studied the 
effect of formulation variables on the aggregation behavior and rheology of NLC dispersions. I found 
that NLC dispersion viscosity was strongly affected by particle aggregation. The viscosity of the 
dispersion could be modified by at least an order of magnitude by controlling particle aggregation 
using different surfactant and oil concentrations. Oscillatory sweep tests showed typical behaviors of 
a viscoelastic liquid and a viscoelastic solid for non-aggregated and aggregated NLC dispersions, 
respectively. Modeling results suggested a stronger bonding force and a higher aggregation efficiency 
with decreasing surfactant and/or oil concentrations. Both oscillatory sweep experiments and 
modeling results indicated an interconnected network structure in the aggregated dispersions, while 
no indication of network formation was observed for non-aggregated dispersions.  These results 
suggested that controlled aggregation represents a promising approach for modifying the viscosity of 
NLC dispersions without adding viscosity enhancers and could reduce the time and cost for NLC 
production. 
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CHAPTER 1 
 
INTRODUCTION 
1.1 Colloidal Delivery System 
The encapsulation, protection, and release of active lipophilic compounds (e.g., 
pharmaceuticals, nutraceuticals, antimicrobials, antioxidants, and vitamins) have wide 
applications in the pharmaceutical, food, and personal care industries [1, 2]. Nevertheless, the 
effective utilization of these bioactive components is often limited because of their low 
bioavailability and poor storage stability. The poor bioavailability of these compounds is often 
associated with their high melting points, slow dissolution rates, and limited water-solubility [3, 
4], whereas their poor storage stability is associated with their tendency to undergo chemical 
degradation or phase transitions [5]. Various emulsion-based colloidal delivery systems have been 
developed to overcome these problems, including microemulsions, nanoemulsions, multilayer 
emulsions, multiple emulsions, filled hydrogel microspheres, nanostructured lipid carriers, and 
solid lipid nanoparticles [5-7]. Each delivery system has advantages and disadvantages for 
particular applications, depending on the nature of the bioactive compound (e.g., physical state, 
rheology, solubility, chemical stability), the nature of the delivery vehicle (e.g., tablet, capsule, 
syrup, spray, cream, food, beverage), and the desired delivery route (e.g., intravenous, oral, nasal, 
topical). Two of the most promising emulsion-based delivery systems for oral applications in the 
pharmaceutical and functional food industries are solid lipid nanoparticles (SLNs) and 
nanostructured lipid carriers (NLCs), both of which consist of crystalline lipid particles dispersed 
within an aqueous medium.  
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1.2 Solid Lipid Nanoparticles 
Solid lipid nanoparticles consist of a core of solid lipid with the active ingredients (e.g., 
drugs, nutritional agents) being a part of the lipid matrix [8]. The particle is stabilized by a 
surfactant layer, which may consist of a single surfactant, but typically is composed of a mixture 
of surfactants [8]. Solid lipid nanoparticles have attracted increasing attention during recent 
years. SLNs have application in many areas such as the food industry, drug delivery and consumer 
products. In food science, SLNs can be used as carriers for strongly lipophilic compounds that 
possess virtually no water solubility and functional foods [9]. SLNs also have advantages in 
targeted delivery and controlled release of drugs [7, 10, 11]. It is has been agreed that SLNs 
combine the advantages and avoid the disadvantages of other colloidal carriers. The advantages 
of SLNs include [12]:  
1. Controlled release and drug targeting.  
2. Increased drug and nutritional agent stability.  
3. High bioactive compound loading. 
4. Incorporation of lipophilic and hydrophilic ingredients.  
5. No biotoxicity of the carrier.  
6. No use of organic solvents. 
7. Easy for large scale production and sterilization. 
1.2.1 SLN Preparation 
The hot high pressure homogenization method has been developed as the most common 
technique for the preparation of SLNs [12]. Hot homogenization is carried out at a temperature 
above the melting point of the lipid; therefore it can be regarded as homogenization of the 
lipid emulsion. The drugs or bioactive ingredients are dissolved in the melted lipid. A coarse 
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emulsion premix is made by mixing the lipid phase with an aqueous surfactant solution using 
a high speed blender. High pressure homogenization of the premix is carried out at a 
temperature above the melting point of lipid. Usually, high temperatures will result in smaller 
particle size because of the decrease of viscosity of the lipid phase [13]. However, high 
temperature can increase the degradation of active ingredients inside the lipid phase. In most 
cases, 3-5 homogenization passes at 500-1500 bar are sufficient to obtain the desired particle 
size. . SLNs are formed by cooling down the hot emulsion obtained after high pressure 
homogenization at ambient or subambient conditions. Due to the small particle size and the 
presence of surfactant, the crystallization process may be retarded and the sample may 
remain as a supercooled melt for several months [14]. The choice of ingredient composition 
will also influence the product quality. It has been found that the average particle size of SLNs 
increases with higher melting lipids [15]. Broader particle size distributions were observed in 
most cases when increasing the lipid content over 5-10% [15, 16]. The selection of the 
surfactants and their concentrations has a great impact on the quality of the SLN products 
[15, 17]. Different surfactants may need different homogenization parameters [18]. 
There are other methods for production of SLNs, such as cold homogenization, solvent 
emulsification/evaporation and microemulsion based preparation [19-21]. Compared to hot 
homogenization, larger particle sizes and broader size distributions are observed in cold 
homogenization [15]. The main disadvantage of the solvent emulsification evaporation method is 
the use of organic solvents. For microemulsion based SLN preparation, the achievable lipid 
contents are considerably lower compared with hot high pressure homogenization because of the 
dilution step. 
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1.2.2 Crystal Polymorphs and Aggregation Phenomena 
The crystallization of lipids cannot be described only as crystallized or non-crystallized, 
since the crystallized lipid can form several different polymorphs. Triacylglycerides (TAGs) are 
commonly used as SLN lipids [8, 12]. Typically, TAGs exhibit three different crystal polymorphs, 
the ’ andforms that have hexagonal, orthorhombic, and triclinic unit structures, 
respectively [22]. The polymorph is the thermodynamically least stable form and has the lowest 
melting point. Lipid crystals in a thermodynamically unstable state generally have higher mobility 
and lower density than stable crystals [12]. Therefore, -form crystals have the largest capacity 
to incorporate other molecules and offer the highest loading of the three TAG polymorphs. While 
the  polymorph is thermodynamically most stable and has the highest melting point, this crystal 
form offers the lowest loading of the three polymorphs. The shape of an crystal is approximately 
spherical, while crystals have shapes that are needle or platelet like [23, 24]. The properties of 
the' polymorph are between those of the andforms. 
SLN aggregation is driven by polymorphic transformation of the crystalline SLNs [8, 12, 
23, 25]. An increase in particle surface area occurs as spherical particles are transformed into 
needle- and platelet-shaped  particles [24], causing a decrease in surfactant coverage on the 
hydrophobic surfaces of the particles. Attractive forces cause the partially covered particles to 
adhere together when they collide, resulting in the formation of large aggregates and eventually 
gels [23]. The lipid material has been identified as an important parameter for affecting the 
structure and stability of SLNs. Polymorphic transformation kinetics were slowed when SLNs were 
made from lipids with long carbon chains such as tripalmitin and tristearin [26, 27]. High lipid 
concentrations and high ionic strengths increase the aggregation rate [28, 29]. Co-surfactants also 
influence SLN formation and stabilization; e.g., studies have shown that the polymorphic 
transformation can be retarded by using certain types of co-surfactants such as sodium 
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glycocholate, saturated phospholipids, and poly(vinyl alcohol) [26, 27, 30, 31]. SLNs with higher 
fractions of the  polymorph have been obtained with high melting surfactants [32]. The effect 
of surfactant surface coverage on SLN stability has also been studied experimentally [33]. The 
results suggested that high surface coverage favored the-polymorph and reduced the 
polymorphic transformation rate. Several studies have shown that faster cooling rates retard the 
polymorphic transformation and increase SLN stability [34]. Other factors such as high lipid 
concentrations, high storage temperatures, and exposure to light and mechanical stress have 
been shown to increase aggregation rates [28, 35].   
1.3 Nanostructured Lipid Carriers 
The second generation of lipid nanoparticles, commonly termed nanostructured lipid 
carriers (NLCs), was developed by mixing a liquid lipid (carrier oil) with the solid lipid prior to 
particle formation [11, 36-42]. Many studies have been performed to investigate the effects of 
the lipid/carrier oil system on NLC drug loading and release properties [43-53]. These studies 
suggest that incorporation of the carrier oil into the solid lipid matrix improves loading capacity, 
physical and chemical stability and triggered release by disrupting the crystal packing structure 
[38]. Moreover, NLC crystallization and melting temperatures and polymorphic content have been 
shown to be strongly dependent on the amount of oil added [11, 37]. However, the effect of oil 
type on NLC polymorphic behavior and shape change remains poorly understood [36, 38]. 
While the use of NLCs to enhance bioactive compound encapsulation and delivery has 
received considerable attention, the impact of the carrier oil on NLC dispersion stability has not 
been extensively investigated. In one study in which NLCs were prepared with tripalmitin as the 
lipid and fish oil as the carrier oil, the oil was shown to inhibit the large shape change normally 
associated with the polymorphic transformation, putatively reducing hydrophobic attraction 
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between particles [37]. The NLC lipid crystals appeared to be less ordered than SLN crystals as 
lower melting and crystallization temperatures were observed in the presence of oil. In another 
study with glyceryl behenate (Compritol 888 ATO) used as the lipid and caprylic/capric 
triglycerides (Miglyol 812) used as the oil, NLC dispersions were shown to be most stable in the 
absence of oil and at high oil concentrations [11]. The large fraction of monoglycerides and 
diglycerides in Compritol was argued to be responsible for the long-term stability of SLN 
dispersions in the absence of oil. The highly disordered state of Compritol NLCs with high 
concentrations of Miglyol was believed to delay recrystallisation and improve physical stability. 
However, another series of studies on Compritol/Miglyol NLCs showed that the lipid crystals were 
not disturbed in their structure as expected by oil addition [54-56]. Instead, these studies 
indicated that the NLCs consisted of an external liquid compartment on the particle surface that 
strongly interacted with the solid lipid. Therefore, NLCs may not be solid lipid nanoparticles with 
embedded liquid droplets as reported in the literature [36, 38], but rather they may consist of an 
oil layer between the solid lipid and the surfactant layer [54-56]. 
1.4 Rheology of Lipid Nanoparticle Dispersions 
Rheological properties such as viscosity are critical parameters of lipid nanoparticle 
dispersions for typical applications such as pharmaceutical and cosmetic products [57-63]. A 
common method to produce lipid nanoparticle systems with the desired rheological properties 
involves incorporating the SLN or NLC dispersion into topical vehicles such as creams or hydrogels 
[64-67]. This approach has several disadvantages, including limited SLN/NLC loading, possible 
incompatibilities with the added viscosity enhancer and more complex manufacturing steps [60, 
68]. Consequently, the creation of NLC dispersions with rheological properties that can be tailored 
without the use of additional ingredients is highly desirable. 
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A few previous studies have focused on the influence of key SLN properties (particle size, 
physical state of the lipid, emulsifier amount) on the rheological properties of the dispersion as 
well as understanding how the formulation can be modified to produce dispersions with the 
desired rheological properties without adding further ingredients [58-60].  I hypothesized that the 
rheological properties of NLC dispersions could be tuned by controlling the degree of aggregation 
since properties such as viscosity should depend on the aggregated particle network structure 
[60, 69, 70]. To the best of my knowledge, the rheological properties of NLC dispersions with 
controlled aggregation have not been investigated. 
1.5 Particle Aggregation and Polymorphic Transformation Modeling  
Mathematical modeling is a powerful complementary tool to experimentation for 
understanding and manipulating SLN aggregation behavior. Starting from the classic work of 
Smoluchowski [71], the population balance equation (PBE) has been widely used to model the 
aggregation dynamics of particle suspensions [72-77]. The PBE is a mass balance on particles and 
requires specification of the aggregation rate i,k between two particles of size i and k [78]. The 
aggregation rate is the product of the particle collision frequency and the aggregation efficiency, 
which is typically specified in terms of the stability ratio. Most PBE models of particle aggregation 
are based on the assumption that the particle collision frequency is determined by Brownian 
diffusion. Calculation of the stability ratio requires specification of the interaction potential 
between particles[79, 80]. In DLVO theory for charged particles [72, 74, 75, 77, 81], the interaction 
potential includes van der Waals attraction and electrostatic repulsion forces[80]. While the 
literature on PBE modeling of nanoparticle aggregation is extensive, the use of PBE models to 
describe solid-state polymorphic transformations has received little attention. One exception is a 
PBE model for the solid-state polymorphic transformation of TiO2 that involves a first-order rate 
 
 
8 
 
expression for transformation combined with Smoluchowski coalescence for coarsening of 
anatase and rutile particles [82].  
The characterization of solid-state kinetics typically involves modeling the fraction 
transformed as a function of time on the basis of some topological mechanism. This form of 
characterization has been dominated by the kinetic model proposed (independently) by Avrami 
[83-85] and Erofeyev [86] which has found wide applicability. The Avrami-Erofeyev relationship 
assumes that the transformation proceeds by a nucleation-and-growth mechanism and takes into 
account the coalescence and ingestion of other nuclei as the new phase grows. Nucleation is 
assumed to be random, that is, if the entire sample was divided into small equal volumes, then 
the probability of a nucleus forming in each element in unit time is the same. The theory also 
assumes isotropic growth and that the number of potential nucleation sites are limited. An 
important exception where the Avrami-Erofeyev model is inappropriate is the situation where the 
sample consists of a fine powder. Here the transformation resulting from any nucleation event is 
constrained to the individual crystallite by the crystallite’s boundaries [87]. 
Prior to my research, there was no published applications of PBE modeling to the 
aggregation of lipid nanoparticles dispersions. 
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CHAPTER 2 
 
EXPERIMENTAL INVESTIGATION AND POPULATION BALANCE EQUATION MODELING OF SOLID 
LIPID NANOPARTICLE AGGREGATION DYNAMICS 
2.1 Introduction 
In this chapter, a PBE model was formulated to predict SLN aggregation and the particle 
volume percent distribution under the assumption that particles collide due to Brownian motion 
and that only  particles could aggregate. The polymorphic transformation was assumed to occur 
in the solid state and the rate was modeled to be first-order in the concentration of  particles, 
which is consistent with a nucleation controlled transformation [88]. The effect of temperature 
was not considered in this study. The PBE model explicitly accounted for the effects of surfactant 
coverage on the polymorphic transformation rate and the aggregation efficiency as well as the 
surface area increase caused by the creation of  primary particles. This effort represents a first 
step towards model-based design of SLN formulation and processing strategies that maximize 
particle stability and minimize aggregation.  
2.2 Materials and Methods 
2.2.1 Materials 
The lipid tristrearin was purchased from Fisher Scientific. The surfactants Tween 60 and 
Span 60 were supplied by Procter and Gamble. All materials were used as received.  
2.2.2 SLN Preparation 
An aqueous phase was prepared by mixing nanopure water with 1 weight percent 
surfactant followed by heating to 85°C. The surfactant was a mixture of Tween 60 and Span 60 
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with a molar ratio of 1.61. This ratio was determined by matching the hydrophilic-lipophilic 
balance (HLB) value of the surfactant mixture with the tristrearin HLB value of 11. Coarse oil-in-
water emulsions with 5 weight percent lipid and 1 weight percent surfactant were prepared by 
blending the lipid and aqueous phases at 85°C using a high speed blender (Ultra-Turrax Model 
T25, Rose Scientific Ltd.) for 5 minutes at 16,000 rpm. Fine emulsions were obtained by passing 
the coarse emulsion through a high pressure homogenizer (Emulsiflex C-3, Avestin Inc.) 1-5 times 
at 500 bar. The coarse and fine emulsions were cooled in an ice bath for 8 hours to obtain SLNs, 
and the resulting dispersions were stored at 20°C. 
2.2.3 SLN Characterization 
Particle size distributions of SLN suspensions was measured daily at room temperature 
by static light scattering (Mastersizer 2000, Malvern Instruments). A refractive index of 1.47 for 
the particles and 1.33 for water was used to calculate particle size distributions. 
The relative amount of  and  crystal polymorphs in the solid lipid phase was determined 
daily by differential scanning calorimetry (DSC; Q100-0416, TA Instruments). Approximately 7-10 
mg of an SLN dispersion was placed in a hermetic aluminum pan and sealed. An empty pan was 
used as a reference. The SLN dispersions were scanned in the temperature range of 40°C to 65°C 
at a heating rate of 2°C/min. The melting points of the two polymorphs corresponded to peaks in 
the heating curve at approximately 48.7°C for the  polymorph and 56.8°C for the  polymorph. 
These values are lower than those reported elsewhere in the literature (54.0°C for the  
polymorph and 72.5°C for the  polymorph [89]), presumably due to melting point reduction for 
the small particle sizes considered in my study [90]. The relative amount of each polymorph on a 
weight basis was determined by integrating the area of each peak and dividing the area by the 
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melting enthalpy of the associated polymorph. The melting enthalpies used were 145.08 kJ/mole 
and 203.26 kJ/mole for -form and -form crystals, respectively [89]. 
2.2.4 Mathematical Model 
Two versions of the PBE model were developed for predicting SLN aggregation dynamics. 
The basic model consisted of a standard discretized PBE for pure aggregation processes [76]. The 
second model was an enhanced version of the basic model which accounted for the polymorphic 
transformation and surfactant surface coverage.  
2.2.4.1 Basic PBE Model 
The discretized population balance equation for pure aggregation processes is [76]:                                 
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where Ni is the number concentration of the particles at volume xi and j,k is the aggregation rate 
between particles of volume xj and xk. The two terms on the right hand side of Eq. (2.1) correspond 
to the rate of particle creation and loss at volume xi due to aggregation. Since the SLN dispersions 
were simply stored, the particles were assumed to collide due to Brownian motion and the 
following aggregation rate function was used: 
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where T is the absolute temperature,  is the dynamic viscosity of the dispersion, and kB is the 
Boltzmann constant. The stability ratio W represents the reciprocal of the collision efficiency and 
is calculated as the ratio of the aggregation rates without and with colloidal interactions. For 
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dispersed systems with only van der Waals attraction and electrical repulsion, the stability ratio 
can be calculated by the well known DLVO theory [72, 74, 75, 77]. In SLN dispersions, additional 
forces such as hydrophobic attraction between uncovered lipid surfaces and interactions between 
surfactant molecules can be important. Because these forces were difficult to include in the PBE 
model, the stability ratio W was used as an adjustable parameter to match the experimentally 
observed time scale. 
2.2.4.2 Enhanced PBE Model    
An enhanced PBE model was developed from the basic model by incorporating the effects 
of the polymorphic transformation and surfactant surface coverage on aggregation dynamics. The 
enhanced model was formulated under the simplifying assumptions that primary particles 
comprised entirely of  crystals were transformed into primary particles comprised entirely of  
crystals and that only -form particles could aggregate. The PBE was written as: 
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where N,i is the number concentration of -form particles at volume xi, N,i is the number 
concentration of -form particles at volume xi, and k is the polymorphic transformation rate. As 
shown in Eq. (2.4), the transformation rate was assumed to be first order in the concentration of 
-form particles. 
Experimental studies have shown that increased surfactant surface coverage will alter 
crystallization behavior, reduce shape change, and slow polymorphic transformation and particle 
aggregation (Fig.2.1 (a) and (b)) [33]. To partially incorporate this effect, the polymorphic 
transformation rate k was modeled to be first order in the particle surface coverage: 
 
 
13 
 
0
c
( ) 1
Γ
k k Γ k
Γ
 
   
 
                                                                                                          (2.6) 
where is the surface coverage of the particle (mole/cm2), and c is the critical surface coverage 
at which the transformation rate will be zero. To account for the effect of surface coverage on the 
aggregation rate, the aggregation function was modified as follows: 
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where ∞ is the maximum surface coverage at which the aggregation rate will be zero. The first 
two terms account for the effects of surface coverage and shape change on the collision efficiency, 
while the last term is the aggregation rate function used in the basic model (Eq. (2.2)). 
The surface area increase S due to polymorphic transformation was calculated by 
assuming -form particles have a cylindrical shape with height much less than the diameter (Fig. 
2.1(c)): 
2/3
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where l1 and l2 are the height and diameter of the cylinder, respectively, and the aspect ratio p= 
l1/l2. The relationship between p and S is shown in Fig. 2.1(d). From electron micrographs of 
tristearin nanoparticles[24], the aspect ratio p was estimated to be  The corresponding surface 
area increase was calculated to be S, which was consistent with a value reported in the 
literature [30]. Because the effect of surface coverage on shape variability was not considered in 
this model, all -form particles were assumed to have same aspect ratio p For the i-th particle, 
the shape change was assumed to cause a decrease in the surface coverage from i for the -
form particle to i/S for the -form particle. The effect of reduced surface coverage of -form 
particles was included in the collision efficiency (Eq. (2.7)) through multiplicative terms for the i-
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th and j-th particles such that the efficiency was increased if both particles had relatively low 
coverage. 
2.2.4.3 Numerical Solution 
The basic and extended PBE models were solved numerically using the fixed pivot 
technique [91] with 64 node points for discretizing particle size. This method was chosen due to 
its relatively low computational cost and ability to calculate the particle size distribution with great 
precision [76]. The PBE models were discretized at every node point, yielding 64 nonlinear 
ordinary differential equations (ODEs) in time for the basic model and 128 nonlinear ODEs for the 
extended model owing to the use of two particle types. The ODE systems were integrated in time 
with the Matlab code ode15s to calculate the volume percent distribution at each node point. 
2.3 Results and Discussion 
2.3.1 Experimental Results 
Emulsions prepared with 5 weight percent lipid and 1 weight percent surfactant by 
subjecting the lipid/surfactant/water mixture to high speed mixing (premix emulsion) followed by 
one homogenizer pass (1st pass emulsion) or five homogenizer passes (5th pass emulsion) were 
cooled and stored to investigate aggregation dynamics. The evolution of the particle size 
distribution of SLNs prepared from the premix, 1st pass, and 5th pass emulsions is shown in Fig. 
2.2(a)-(c). Smaller initial size distributions were obtained as the number of homogenization passes 
increased, and the initial distribution was unimodal for each sample. Aggregation was first 
apparent in the 5th pass sample on day 2 of storage as a second peak centered at a much larger 
size emerged and the distribution became bimodal. The second peak was indicative of large 
aggregates being formed. Biomodal distributions for the 1st pass sample and premix sample were 
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not observed until days 3 and 7, respectively. The first peak in the size distribution of the 5th pass 
sample disappeared after 6 days, suggesting the incorporation of all primary particles into much 
larger aggregates. Disappearance of the first peak for the 1st pass sample and premix sample was 
not observed until days 11 and 15, respectively. The evolution of the average diameter d32 of the 
premix, 1st pass, and 5th pass samples is shown in Fig. 2.2(d). The d32 value of 5th pass sample 
increased most rapidly and jumped to 65 m after 5 days. Similar abrupt changes in the d32 value 
of the 1st pass and premix samples were not observed until days 9 and 13, respectively. These 
results show that SLNs with smaller initial size distributions, and therefore less surfactant surface 
coverage, exhibited faster aggregation dynamics. I incorporated this effect into the PBE model by 
making the collision efficiency a function of surfactant coverage as shown in Eq. (2.7). 
Differential scanning calorimetry (DSC) was used to examine the evolution of the crystal 
polymorph content of SLNs prepared from the premix, 1st pass, and 5th pass emulsions. Fig. 2.2(e) 
shows a representative DSC scan for the stored 5th pass sample. The melting points of the  and 
 polymorphs corresponded to the two peaks in the heating curves, as the' polymorph was not 
identified due to rapid transformation of ' crystals to  crystals [23]. Initially only a single peak 
was observed at about 48.7°C, corresponding to the -form crystal melting temperature. On day 
2 of storage, another melting peak emerged at about 56.8°C, corresponding to the melting of-
form crystals. Over time, the first peak became smaller and the second peak became larger as -
form crystals were transformed into -form crystals. The relative amount of the two polymorphs 
was obtained by integrating the area of each peak and dividing by the melting enthalpy of the 
associated polymorph. The evolution of the  polymorph content (C) in the premix, 1st pass, and 
5th pass samples is shown in Fig. 2.2(f). The  content decreased most rapidly in the 5th pass 
sample and most slowly in the premix sample. Moreover, the largest total change in  content 
was observed in the 5th pass sample even through this sample was only stored 6 days while the 
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1st pass and premix sample were stored 11 and 15 days, respectively. These results demonstrate 
that SLNs with smaller initial size distributions and less surfactant surface coverage exhibited 
faster and more complete polymorphic transformation. I incorporated this effect into the PBE 
model by making the polymorphic transformation rate a function of surfactant coverage as shown 
in Eq. (2.6). 
A comparison of the average particle sizes in Fig. 2.2(d) and the polymorph contents in 
Fig. 2.2(f) show that particle aggregation and polymorphic transformation occurred at 
approximately the same rate. This observation suggests that polymorphic transformation was the 
rate limiting step of the aggregation process, and that primary particles quickly aggregated once 
they had sufficient  content. I incorporated this effect into the PBE model by allowing only -
form particles to aggregate as shown in Eq. (2.5). However, the DSC results clearly demonstrate 
that aggregating particles had substantial  content, which contradicts my modeling assumptions 
that dispersions were comprised of purely -form and -form particles and that only -form 
particles could aggregate. Because the removal of these simplifying assumptions would require 
the development of a considerably more sophisticated PBE model, I pursued the simpler PBE 
models described earlier. 
2.3.2 Comparison of the Basic and Enhanced PBE Models 
To evaluate the importance of explicitly modeling the polymorphic transformation, the 
basic and enhanced PBE models were compared to the experimental data in Fig. 2.2. The basic 
model required specification of the constant 0 = 2kBT/3 and the stability ratio W in Eq. (2.2). I 
used T = 293K and  = 10.02 Po by approximating the dynamic viscosity of the dispersion by the 
value for pure water, yielding 0 = 2.3×10-13 m3day-1. The stability ratio was chosen to be W = 100 
because this value yielded the correct timescale for the aggregation dynamics as reflected by the 
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evolution of the particle size distribution. The initial particle size distribution used for simulation 
corresponded to the initial particle size distribution of the 5th pass sample. 
The predicted evolution of the particle size distribution obtained with the basic PBE model 
is presented in Fig. 2.3(a). Unlike experimental data, the particle size distribution remained 
unimodal throughout the aggregation process. Rather than a second peak at large particle sizes 
growing as aggregation proceeded, the single peak moved gradually toward large particle sizes 
with a fast initial rate and a slower rate as the particle number concentration decreased. A similar 
result has been reported for PBE modeling of aggregation dynamics in dense silica suspensions 
[76]. These results demonstrate that the basic PBE model is insufficient to qualitatively describe 
aggregation behavior in SLN dispersions. 
The extended PBE model required specification of the polymorphic transformation rate 
constant k0, the critical surface coverage c, and the aspect ratio  as well as the constant 0 and 
W. The critical surface coverage was chosen to be c = 1.19×10-9 mole/cm2 based on the 
assumption of complete surface adsorption for the premix sample, while the aspect ratio was 
estimated as p= from electron micrographs of tristearin nanoparticles [24]. The maximum 
surface coverage ∞ is assumed to have the same value with c.  The constants 0 and W and the 
initial particle size distribution remained unchanged from the basic model. For this comparison, 
the polymorphic transformation rate k was specified directly. If the transformation rate was 
assumed to be fast by selecting k = 20 day-1, the extended and basic models produced almost 
identical predictions characterized by unimodal particle size distributions (not shown). 
Conversely, bimodal distributions in agreement with experiments were obtained when the 
transformation rate was assumed to be slow by selecting k = 0.2 day-1 as shown in Fig. 2.3(b). The 
predicted evolution of the average particle  content (C) obtained with the enhanced PBE model 
 
 
18 
 
in Fig. 2.3(c) also agreed qualitatively with data. These results suggest that explicit modeling of 
the polymorphic transformation was critical for capturing the aggregation dynamics. 
2.3.3 Parameter Estimation for the Enhanced PBE Model 
The stability ratio value W = 30 was obtained by approximately matching the 
experimentally observed growth rate of the second peak at large particle sizes. The polymorphic 
transformation rate constant k0 and the critical surface coverage c were estimated from my 
experimental data to further demonstrate that polymorphic transformation is the rate 
determining step and to obtain improved model predictions. The analytical solution of the first-
order ODE for the polymorphic transformation (Eq. (2.4)) is: 
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where N,i,0= N,i (0). The ratio on the left-hand side of Eq. (9) can be shown to equal the -form 
crystal mass content C: 
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Therefore, k was obtained by linear regression of the average  content versus time data 
obtained from DSC (Fig. 2.2(f)) as shown in Fig. 2.4(a)-(c) for the three SLN samples. The large 
correlation coefficient (R) values obtained supported the hypothesis that the polymorphic 
transformation rate was first order in the concentration of -form particles. The estimated k 
values ranged from 0.04 to 0.26 day-1, which further supported the conclusion that polymorphic 
transformation was the rate determining step in the aggregation process.  
Eq. (2.6) can be rewritten as: 
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Therefore, the model parameters k0 and c were estimated by linear regression of the 
polymorphic transformation rate k versus the surface coverage . Because the surface coverage 
was not measured in my study, approximate values were obtained as follows. For each sample, 
the surface coverage was calculated by dividing the total moles of surfactant by the total surface 
area calculated from the particle size distribution at day 0 assuming that all surfactant was equally 
adsorbed on particle surfaces. The linear regression results in Fig. 2.4(d) supported the hypothesis 
that the polymorphic transformation rate was a linear function of surface coverage and yielded 
the following parameter values: k0 = 0.57 day-1 and c = 0.13×10-10 mole/cm2. 
2.3.4 Simulation Results for the Enhanced PBE Model 
The enhanced PBE model was simulated with the estimated parameters k0 and c to 
generate particle size distribution predictions for the three SLN samples as shown in Fig. 2.5(a)-
(c). The model was able to capture the bimodal nature of the distributions as well as the 
approximate size of formed aggregates observed experimentally. The model predicted the second 
peak would be centered at 65m, 85m, and 80m for the premix, 1st pass, and 5th pass samples, 
while the corresponding values determined experimentally were 60m, 80m, and 90m (Fig 
2.2(a)-(c)). Moreover, the model reproduced the trend between initial particle size and 
aggregation rate as the 5th pass sample was predicted to aggregate most rapidly and the premix 
sample was predicted to aggregate most slowly.  
As expected, due to simplicity of the enhanced PBE model, discrepancies between the 
experimental and predicted distributions were apparent. The model predicted that the second 
peak of the particle size distribution would be narrower then observed experimentally. This 
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discrepancy may have been partially attributable to the Brownian kernel being inadequate for 
describing collision events between larger particles. Other possible causes of this modeling error 
included that the effect of surface coverage on particle shape variability was not taken into 
account and that the stability ratio W was used as a fitting parameter independent of particle size 
rather than being calculated from interparticle forces [72, 74, 75, 77]. Furthermore, the model 
predicted that the first peak would disappear more slowly than observed experimentally. As 
discussed below, I believe that this discrepancy was attributable to my assumption that only -
form particles could aggregate.  
Experimental and predicted average diameter d32 values are compared in Fig. 2.6(a)-(b). 
The model captured the trend that the 5th pass sample would exhibit the largest d32 increase while 
the premix sample would exhibit the smallest d32 increase. However, the predicted d32 values were 
consistently smaller than the corresponding experimental values. Furthermore, the model did not 
capture the sudden increase in d32 values observed experimentally (Fig. 2.2(d)) but not plotted in 
Fig. 2.6(a) to facilitate the comparison. These discrepancies were attributable to the slow 
disappearance of the first peak in the simulated particle size distributions. Experimental and 
predicted values of the -form crystal mass content C are compared in Fig. 2.6(c)-(d). The model 
produced quantitatively accurate C predictions for the three samples. 
These comparisons suggest that the enhanced PBE model provided a satisfactory 
description of polymorphic transformation but an incomplete description of particle aggregation. 
The DSC results clearly show that that aggregates had substantial  content (Fig. 2.2), 
contradicting my assumption that only primary particles with 100% -polymorph content could 
aggregate. A more plausible hypothesis is that a particle must have a critical amount of  content 
to aggregate and that the aggregation rate increases with increasing  content of the colliding 
particles. This hypothesis would explain the slow disappearance of the first peak in the predicted 
 
 
21 
 
particle size distribution, as primary particles could aggregate and disappear more quickly. 
However, testing of this hypothesis would require the development of a considerably more 
sophisticated PBE model in which both particle size and polymorph content were treated as 
internal variables. This effort was deemed beyond the scope of the current study. 
2.3.5 Experimental Validation of the Enhanced PBE Model 
To investigate extensibility of the enhanced PBE model to different formulations, 1st pass 
and 5th pass emulsions, prepared with 5 weight percent lipid and 0.5 weight percent surfactant, 
were cooled to make SLN dispersions. PBE model predictions were generated with the same 
parameters as used for 1 weight percent surfactant. The reduced surfactant concentration was 
incorporated in the model through the surface coverage . Experimental particle size distributions 
shown in Figure 2.7(a)-(b) demonstrated that the 5th pass sample aggregated more rapidly than 
the 1st pass sample. As compared to the 1 weight percent surfactant case (Fig. 2.2), faster 
aggregation dynamics were observed in the 0.5 weight percent surfactant samples because less 
surfactant was available for particle stabilization. Predicted particle size distributions in Figure 
2.7(c)-(d) showed qualitative agreement with the experimental results, as the 5th pass sample was 
predicted to aggregated most rapidly and the second peaks of the predicted bimodal distributions 
were centered near the experimentally observed sizes. However, the model predicted that the 
first peak would disappear more slowly and that the second peak would be sharper than observed 
in experiment. 
Experimental and predicted average particle diameter d32 values are compared in Figure 
2.7(e)-(f). The model correctly predicted that the 5th pass sample would aggregate most rapidly 
due to smaller initial particle sizes and reduced surfactant coverage. However, the model 
produced slower increases in d32 values than observed experimentally and failed to capture the 
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large d32 increase that accompanied the disappearance of the first peak in the 5th pass sample. 
Experimental and predicted average particle  content C values are compared in Figure 2.7(g)-
(h). The model produced quantitatively accurate predictions of the  content for the 1st pass 
sample, while predicted C values trailed the experimental values for the 5th pass sample. As 
discussed for the 1 weight percent surfactant case, the more accurate predictions obtained for 
the  content compared to particle size distributions suggest model deficiencies such as the use 
of the Brownian collision kernel for large particles, the assumption that primary particles are 
comprised completely of -form or -form crystals, and the assumption that only -form particles 
can aggregate. 
2.4. Conclusions 
I developed a population balance equation (PBE) model to describe aggregation dynamics 
in stored dispersions of solid lipid nanoparticles (SLNs). The model was based on the hypothesis 
that particle aggregation was driven by lipid crystals undergoing a polymorphic transformation 
from the thermodynamically unstable  form the stable  form, which created an increase in 
particle surface area, a decrease in surfactant surface coverage, and an increase hydrophobic 
attraction between particles. Experiments with my model system of 5 weight percent tristearin 
and 1 weight percent surfactant (mixture of Tween 60 and Span 60) showed that the polymorphic 
transformation was the rate determining step in the aggregation process, SLNs with smaller initial 
size distributions underwent polymorphic transformation and aggregation more rapidly, and 
aggregates contained particles with both  and  crystals. The PBE model generated predictions 
of the average polymorph content and the aggregate size distribution under the simplifying 
assumptions that primary particles comprised entirely of  crystals were transformed into 
primary particles comprised entirely of  crystals, the polymorphic transformation rate was first 
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order in the -formparticle concentration and surfactant coverage, only -form particles could 
aggregate, and particles collided due to Brownian motion. 
PBE model parameters were estimated from average polymorph content and aggregate 
size distribution measurements for three SLN samples with different initial size distributions. I 
found that the model was able to capture the bimodal nature of aggregate size distributions, the 
-to- polymorph ratio, and the faster aggregation dynamics of SLNs with smaller initial size 
distributions. Without re-estimation of parameters, the model was able to capture the faster 
aggregation dynamics of SLNs prepared with 5 weight percent lipid and 0.5 weight percent 
surfactant. Collectively these results provide support for the hypothesis that aggregation was 
driven by the creation of new particle surface area and reduced surfactant coverage due to the 
polymorphic transformation. However, the PBE model was unable to adequately capture the fast 
disappearance rates of primary particles, the broad size distributions of formed aggregates, and 
the significant  contents of aggregating particles. These model discrepancies suggest more 
complex system behavior in which a particle must have a critical amount of  content to aggregate 
and the aggregation rate increases with increasing  content of the colliding particles. This would 
require the development of a more sophisticated PBE model that accounts for polymorph content 
as an internal variable along with aggregate size to better reproduce my experimental 
observations.  
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Figure 2.1. Polymorphic transformation of SLNs with (a) relatively low surfactant surface coverage 
and (b) relatively high surfactant surface coverage. (c) Assumed shape change due to polymorphic 
transformation of -form particles to -form particles. (d) Relationship between the aspect ratio 
p of -form particles and the surface area increase Scaused by polymorphic transformationThe 
dashed lines represent values used in simulations. 
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Figure 2.2. Experimental results for SLNs prepared with 5 wt% tristearin and 1 wt% surfactant.  
Evolution of the particle size distribution for the (a) premix sample, (b) 1st pass sample and (c) 5th 
pass sample on different days. (d) Evolution of the average particle size d32 for the three samples. 
(e) DSC scans for the 5th pass sample. (f) Evolution of the average  content for the three samples. 
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Figure 2.3. Comparison of the basic and enhanced PBE models at different scaled times. (a) 
Particle size distributions predicted by the basic model. (b) Particle size distribution predicted by 
enhanced model. (c) Average  content predicted by the enhanced model. 
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Figure 2.4. Linear regression of -form crystal mass content versus time for the (a) premix sample, 
(b) 1st pass sample, and (c) 5th pass sample to estimate values for the polymorphic transformation 
rate k. (d) Linear regression of the polymorphic transformation rate versus surface coverage to 
estimate the polymorphic transformation rate constant k0 and the critical surface coverage c. 
 
 
 
28 
 
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
12
14
16
18
V
o
l.
%
Size(m)
 0d
 7d
 9d
 11d
 15d
Premix
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
12
14
16
18
V
o
l.
%
Size(m)
 0d
 3d
 4d
 5d
 11d
1
st
 pass
 
(a)                                                                              (b) 
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
12
14
16
18
V
o
l.
%
Size(m)
 0d
 2d
 3d
 4d
 6d
5
th
 pass
 
                                               (c)                                                                       
Figure 2.5. Enhanced model simulation results for SLNs prepared with 5 wt% tristearin and 1 wt% 
surfactant. Evolution of the particle size distribution for the (a) premix sample, (b) 1st pass sample 
and (c) 5th pass sample on different days. 
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Figure 2.6. Comparison of experimental and enhanced model simulation results for SLNs prepared 
with 5 wt% tristearin and 1 wt% surfactant. (a) Measured and (b) predicted d32 values. (c) 
Measured and (d) predicted C values. 
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Figure 2.7. Comparison of experimental and enhanced model simulation results for SLNs prepared 
with 5 wt% tristearin and 0.5 wt% surfactant. Measured particle size distributions for the (a) 1st 
pass sample and (b) 5th pass sample. Predicted particle size distributions for the (c) 1st pass sample 
and (d) 5th pass sample. (e) Measured and (f) predicted average particle diameter d32 values. (g) 
Measured and (h) predicted average  content values. 
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CHAPTER 3 
 
THE EFFECT OF OIL TYPE ON THE AGGREGATION STABILITY OF NANOSTRUCTURED LIPID 
CARRIERS 
3.1 Introduction 
In this chapter, I investigate the effect of carrier oil type and concentration on the 
polymorphic behavior and aggregation stability of NLCs prepared with the model lipid tristearin. 
Four pure oils with different structures and two naturally occurring oil mixtures were tested to 
understand the factors that govern the melting and crystallization temperatures, polymorphic 
form, particle shape and size distribution of the NLC dispersions. The surfactant concentration 
was varied for one tristearin/oil system to further examine NLC dispersion stability. To better 
understand the effect of particle shape change, I modified my previously developed population 
balance equation model of SLN aggregation dynamics to account for the presence of the carrier 
oil. I believe that this study represents the first comprehensive investigation of the effect of carrier 
oil on NLC dispersion stability and represents a first step towards developing rational NLC design 
strategies.  
3.2 Materials and Methods 
3.2.1 Materials 
Tristearin, triolein and tricaprylin were purchased from TCI America (Portland, OR). Oleic 
acid, pentadecane and palm oil were purchased from Fisher Scientific (Pittsburgh, PA). Colavita 
olive oil was purchased from a local grocery store. As shown in Table 3.1, the four pure oils 
provided a wide range of different melting points and molecular structures. Typical carbon chain 
distributions of the two common oils listed in Table 3.2 shows the heterogeneous nature of these 
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materials [92]. The surfactant Tween 60 was supplied by Procter and Gamble. All materials were 
used as received. 
3.2.2 SLN and NLC Preparation 
SLNs and NLCs were prepared by using the hot homogenization method. The lipid phase 
for NLCs was prepared by mixing tristearin and a particular oil at a temperature of 85°C, 
approximately 10°C above the melting point of tristearin. The lipid phase for SLNs consisted of 
tristearin without additional oil. The aqueous phase was prepared by mixing deionized nanopure 
water with Tween 60 surfactant followed by heating to 85°C. Coarse oil-in-water emulsions with 
10 weight percent total lipid (tristearin and oil) and 2 weight percent surfactant were prepared 
by mixing the lipid and aqueous phases at 85°C using a high speed blender (Ultra-Turrax Model 
T18, IKA-Works Inc.) for 5 minutes at 13,000 rpm. For tristearin/triolein NLCs, the triolein content 
of the lipid phase was varied from 2.5wt% to 50wt%. For the other oils, the oil content was varied 
from 2.5wt% to 20wt%. Fine emulsions were prepared by passing the coarse emulsion through a 
high pressure homogenizer (Emulsiflex C-3, Avestin Inc.) 5 times at 500 bar. The temperature was 
maintained at 85°C throughout the homogenization process. The coarse and fine emulsions were 
cooled in a refrigerator (5°C) for 12 hours to obtain SLN and NLC dispersions, which were 
subsequently stored at room temperature.  
3.2.3 SLN and NLC Characterization 
3.2.3.1 Particle Size Distribution  
Particle size distributions of SLN and NLC dispersions were measured by static light 
scattering (Mastersizer 2000, Malvern Instruments). Refractive indices of 1.54 for the particles 
and 1.33 for water were used to calculate particle size distributions [27].  The Mastersizer analyzer 
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calculates the size of non-spherical particles as the diameter of a volume equivalent sphere. I 
assumed that aggregate breakage within the Mastersizer was negligible. 
3.2.3.2 Differential Scanning Calorimetry (DSC) 
A differential scanning calorimeter (Q100-0416, TA Instruments) was used to determine 
melting and crystallization temperatures and the polymorph content of SLN and NLC dispersions. 
A 7-10 mg sample drawn from the dispersion was placed in a hermetic aluminum pan and sealed. 
An empty pan was used as a reference. The dispersions were scanned in the temperature range 
of 40°C to 90°C with constant heating and cooling rates (10°C/min). The melting and crystallization 
temperatures were identified from the peak heat flow of the melting and crystallization cycles. 
To better understand the rate of polymorphic transformation, a so-called quick DSC scan was 
performed for each sample. The sample was fully melted by holding the temperature at 90°C for 
1 minute and then cooled to 0°C at rate of 10°C/min to reform solid particles. After an isothermal 
hold at 0°C for 1 min, the sample was heated up to 90°C at 10°C/min. This procedure allowed the 
polymorph content to be determined about 6 minutes after crystallization. 
3.2.3.3 Cryo-Transmission Electron Microscopy (cryo-TEM) 
SLN and NLC samples were shipped to Procter and Gamble for morphological analysis by 
cyro-TEM. Samples were prepared for analysis by placing ~2 μl of the dispersion onto a lacey 
carbon grid, blotting away the excess and plunging the specimen rapidly into liquid ethane using 
a Controlled Environment Vitrification System (CEVS) device. Once frozen, the samples were 
stored under liquid nitrogen until being loaded into a single tilt cryotransfer system (Gatan Model 
626 Cryo-stage, Pleasanton, CA). The samples were then loaded into a transmission electron 
microscope (FEI Tecnai G2 20, Hillsboro, OR) and imaged at 120 KV in low dose mode. The sample 
was maintained below -175°C during transfer into the microscope and during analysis. Cryo-TEM 
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analysis was performed approximately 4 weeks following preparation of the samples. This delay 
was deemed acceptable because the goal of the analysis was to observe the shape of  and  
form particles rather than to study the rate of the polymorphic transformation process. 
3.2.4 Mathematical Model 
I previously developed a population balance equation (PBE) model for SLN aggregation 
dynamics by incorporating the hypothesized effects of the polymorphic transformation and 
surfactant surface coverage on particle aggregation [93]. The model was formulated under the 
simplifying assumptions that primary particles comprised entirely of  crystals are transformed 
into primary particles comprised entirely of  crystals, particles collide due to Brownian motion 
and only -form particles could aggregate. The polymorphic transformation was assumed to occur 
entirely in solid state and was modeled with nucleation-controlled kinetics, which were first order 
in the concentration of  particles [88]. The PBE was written as: 
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where N,i is the number concentration of -form particles with volume xi, N,i is the number 
concentration of -form particles with volume xi, j,k is the aggregation rate between particles of 
volume xj and xk, and k is the polymorphic transformation rate. 
As discussed below, I modified the aggregation rate j,k from my previous study to account 
for the presence of carrier oil in the NLCs. To account for the effect of surfactant surface coverage 
on aggregation, the following aggregation rate function was used in this study: 
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where is the surface coverage of the primary -form particles (mole/cm2), 𝛤∞ is the maximum 
surface coverage above which collisions do not produce aggregation, T is the absolute 
temperature,  is the dynamic viscosity of the dispersion, kB is the Boltzmann constant and W is 
the stability ratio which was used as an adjustable parameter to match the experimentally 
observed time scale of aggregation. In my previous study, the -form particles were assumed to 
have constant surface coverage throughout the aggregation process [93]. In this study, the surface 
coverage was calculated at every time step by dividing the total amount of supplied surfactant 
by the total surface area of particles assuming that all surfactant was equally adsorbed on particle 
surfaces. The surface area increase S due to polymorphic transformation was calculated by 
assuming -form particles have a cylindrical shape: 
2/3
1
2(0.75 )
p
S
p

                                                                                                                         (3.4) 
where p is the aspect ratio, which was calculated as the height divided by the diameter of the 
cylinder. The PBE model was solved numerically in Matlab using the fixed pivot technique [91] as 
described in my previous publication [93]. 
3.3 Results  
3.3.1 Pure Oils 
Four pure oils (triolein, tricaprylin, oleic acid and pentadecane) with different molecular 
structures were investigated to better understand the relationship between oil type and NLC 
dispersion stability. 
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3.3.1.1 Triolein 
Triolein is C18:1 triglyceride that has the same number of carbons as tristearin but 
contains one degree of unsaturation on each carbon chain. I hypothesized that the three bent 
carbon chains of triolein could disrupt the packing of tristearin crystals. NLCs with different 
triolein-trstearin compositions were prepared and stored at ambient temperature to examine 
dispersion stability. Particle size distributions (PSDs) from samples collected at different times 
during storage are shown in Fig. 3.1(a)-(e). Aggregation had already started in the pure tristearin 
SLN dispersion when the sample was removed from the refrigerator, as exemplified by the 
bimodal distribution at day zero. No small particles were detected after one day, which suggested 
all that the primary particles had become aggregated. For the NLC dispersion prepared with 
2.5wt% triolein, a small second peak at large particle size emerged after 1 day as particles began 
to aggregate. The second peak became substantially larger after 3 days but did not change 
significantly during almost 200 additional days of storage, indicating that the dispersion was 
partially stable to aggregation. When 5wt% triolein was used for NLC preparation, the dispersion 
was very stable as only a very small amount of large aggregates were detected during long term 
storage.  Similar results were obtained when NLCs prepared with 7.5wt% and 10wt% triolein were 
stored for more than 200 days. No aggregation was observed in a sample prepared with 20wt% 
triolein (not shown). Average diameter d32 values for eight NLC dispersions prepared with 2.5-
50wt% triolein are shown in Fig. 3.1(f). The 2.5wt% triolein sample exhibited significant 
aggregation, while the samples prepared with more triolein were very stable. These results 
demonstrated that the addition of a relatively small amount of triolein can dramatically enhance 
the stability of tristearin NLCs against aggregation, which was consistent with results reported in 
the literature for other lipid/oil systems [37]. 
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The melting and crystallization behavior and polymorphic transformation kinetics of 
tristearin-triolein NLCs were examined by differential scanning calorimetry (DSC). Fig. 3.2(a) 
shows DSC scans at day zero for SLN dispersions with different triolein-trstearin compositions. 
The melting points of the two crystal forms correspond to peaks in the heating curve at 
approximately 54.0°C for the  polymorph and 72.5°C for the  polymorph [94]. Roughly equal 
amounts of  and  crystals were observed for the pure tristearin SLN sample. This suggested that 
the polymorphic transformation started during 12 hours of cooling in the refrigerator. A small 
amount of  crystals was detected in the 2.5wt% triolein NLC sample, while no  crystals were 
observed in samples with more than 5wt% triolein. These results suggested that oil addition 
accelerated the polymorphic transformation rate. To gain a clearer understanding of the effect of 
triolein on the polymorphic transformation kinetics, quick DSC scans (see Materials and Methods) 
were performed for all the samples. This procedure allowed the polymorph content to be 
determined just 6 minutes after crystallization. As shown in Fig. 3.2(b), a large fraction of  
crystals was observed in the tristearin SLN sample. As the triolein content was increased in the 
NLC samples, increasingly large fractions of  crystals were detected until no  crystals were 
observed for 20wt% triolein. Moreover, a distinct broadening of the melting peak for  crystals 
was observed with increasing oil content. The crystallization temperature (Tc), the  crystal 
melting temperature (Tm) and the  crystal melting enthalpy decreased linearly with increasing oil 
content (Fig. 3.2 (c)-(d)). 
Fig. 3.3 shows the morphology of the tristearin SLNs and the tristearin-triolein NLCs 
analyzed by cryo-TEM 4 weeks after the samples were prepared. A large number of spherical 
particles, presumably comprised of  crystals [24], as well as needle-like particles, presumably 
comprised of  crystals [24], were observed in the pure tristearin sample (Fig. 3.3(a)). The 
presence of many -form particles after four weeks of storage can be explained by the high 
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melting point of the Tween 60 surfactant and the high surfactant concentration, both of which 
help to retard the polymorphic transformation [32]. The -form particles were typically between 
200 and 400 nm in diameter, while the -form particles were typically 100 to 200 nm wide and 
about 0.5 to 1 μm in length. Very few -form particles were observed when the NLCs were 
prepared with more than 5wt% triolein. For the 7.5wt% triolein sample, the -form particles were 
again 100–200 nm wide but generally less than ~0.5 μm long (Fig. 3.3 (d)). In this sample, a large 
number of more needle-like crystals that were only ~10–30 nm across were observed. In some 
views, these crystals were observed to be stacks of very thin sheets. However, these sheets may 
simply be very small examples of the larger crystals. The images clearly showed that the -form 
particles became more spherical as the triolein content was increased from 0wt% to 7.5wt%. 
Samples with triolein contents from 7.5wt% to 50wt% produced very similar images. These results 
demonstrate that triolein addition produces morphological changes in the resulting NLCs. 
3.3.1.2 Tricaprylin 
To investigate if the unsaturation of triolein played a role in the stabilization of tristearin 
NLC dispersions, the saturated C8 triglyceride tricaprylin was used as the carrier oil. Fig. 3.4(a)-(b) 
show the evolution of the particle size distribution of NLC samples prepared with 2.5wt% and 
10wt% tricaprylin. Qualitatively similar results to those for tristearin-triolein SLNs were obtained. 
The 2.5wt% tricaprylin sample partially aggregated in 3 days and then remained stable with a 
bimodal distribution up to 138 days. When the tricaprylin content increased to 5wt%, only a very 
small amount of aggregation was detected. No aggregation was detected when the tricaprylin 
content reached 10wt% (not shown). Fig. 3.4(c) shows the average diameter as a function of time 
for NLCs prepared with 2.5-20wt% tricaprylin. Aggregation was evident only in the 2.5wt% 
tricaprylin sample. The DSC scans in Fig. 4(d) performed on day 0 show that only a small amount 
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of  crystals was present in the 2.5wt% tricaprylin sample and the other samples were comprised 
almost entirely of  crystals. The melting peak broadened and shifted to lower temperature with 
increasing tricaprylin content. The DSC quick scan in Fig. 3.4(e) shows that  crystals were 
negligible when the tricaprylin content reached 5wt%. Linear relationships were found for the 
melting and the crystallization temperatures as a function of tricaprylin content (Fig. 3.4(f)). Unlike 
tristearin-triolein SLNs, the relationship between the melting enthalpy and oil content was not 
found to be linear. Taken together these results suggest that tricaprylin stabilized NLC dispersions 
by accelerating the polymorphic transformation rate and altering the crystal packing structure 
similarly to triolein. 
3.3.1.3 Oleic Acid 
The single chain C18:1 fatty acid oleic acid was also studied to better understand the 
relationship between carrier oil structure and NLC dispersion stabilization. Fig. 3.5(a) shows the 
particle size distribution measured at day 0 for NLC samples containing 2.5-20wt% oleic oil. The 
2.5wt% sample was highly aggregated, the 5wt% sample had gelled and the 10wt% oleic acid 
sample was partially gelled at day 0 and completely gelled by day 2 (not shown). By contrast, the 
sample containing 20wt% oleic acid showed minimal aggregation at day 0 and remained stable 
for 164 days (Fig. 3.5(b)). DSC scans for the tristearin-oleic acid NLCs produced similar results as 
the triglyceride oils. The polymorphic transformation was dramatically accelerated and the 
melting curves became broader and shifted to lower temperature as the oleic acid content was 
increased (Fig. 3.5(c)). While the melting and crystallization temperatures decreased 
approximately linearly with increasing oleic acid content (Fig. 3.5 (d)), no simple relationship was 
found between the melting enthalpy and oleic acid content. These results demonstrate that oleic 
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acid is a less effective stabilizing oil than either triolein and tricaprylin and that oil molecular 
structure has an effect on NLC dispersion stability. 
3.3.1.4 Pentadecane 
The C15 hydrocarbon pentadecane was investigated as a carrier oil because of its single 
chain structure compared to the triglycerides and to better understand the poor stabilization 
performance of oleic acid. The evolution of the particle size distribution of a NLC dispersion 
prepared with just 2.5wt% pentadecane shown in Fig. 3.6(a). Over a period of 108 days, very little 
aggregation was evident and the dispersion was highly stable. Average particle diameters as a 
function of time for NLC dispersions prepared with 2.5-20wt% pentadecane demonstrate that 
pentadecane was the most effective stabilizing oil of the four pure oils considered in this study 
(Fig. 3.6(b)). The small d32 decrease observed in the 2.5wt% sample was most likely attributable 
to experimental error. The polymorphic transformation appeared to be more accelerated 
compared to the other three pure oils, as no  crystals were observed by DSC quick scan when 
the oil content was just 5wt% (Fig. 3.6(c)). Similar to the other oils, the melting and crystallization 
temperatures were found to decrease linearly with increasing pentadecane content (Fig. 3.6(d)). 
3.3.2 Common oils 
To gain further understanding of the carrier oil stabilization mechanism and to investigate 
commercially viable oil types, experiments were performed with two common oils: olive oil 
(melting point -6°C) and palm oil (melting point 35°C), which is a solid at room temperature. The 
two oils have different fatty acid chain distributions, with olive oil containing more unsaturated 
carbon chains (Table 3.2). 
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3.3.2.1 Olive Oil 
Fig. 3.7(a)-(b) show the particle size distribution evolution of NLC dispersions prepared 
with 2.5wt% and 5wt% olive oil. Partial aggregation was observed in the 2.5wt% sample, while 
the 5wt% sample was stable at room temperature for 129 days. The evolution of average diameter 
d32 of NLC dispersions prepared with 2.5-20wt% olive oil is shown in Fig. 3.7(c). Only the 2.5wt% 
sample exhibited the particle size increase indicative of significant aggregation. DSC 
measurements at day 0 (Fig. 3.7(d)) and DSC quick scans (Fig. 3.7(e)) show that the polymorphic 
transformation rate was accelerated by increasing olive oil concentrations, albeit not as rapidly as 
observed for the four pure oils. Both the melting and crystallization temperatures decreased 
linearly with the olive oil content, as observed for the pure oils. Collectively these results suggest 
that olive oil can serve as an effective carrier oil and that its stabilization mechanism is similar to 
that of the pure oils. 
3.3.2.2 Palm Oil 
The evolution of particle size distributions of NLC dispersions prepared with 10wt% and 
20wt% palm oil are shown in Fig. 3.8(a)-(b). Significant aggregation was evident in the 10wt% 
sample, while the 20wt% sample showed very little aggregation that rapidly stabilized to produce 
a time-invariant size distribution. The d32 values calculated for NLC dispersions prepared with 2.5-
20wt% palm oil showed that only the 20wt% sample was stable to aggregation over 153 days of 
storage (Fig. 3.8(c)). As with the other pure and common oils, the melting and crystallization 
temperatures were found to be linear functions of the palm oil content. These results show that 
palm oil was a much less effective carrier oil than olive oil and the pure oils except oleic acid. 
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3.3.3 Modeling Results 
My experimental data suggest that the carrier oils accelerated the polymorphic 
transformation rate but inhibited the large shape change normally associated with the 
transformation. I attempted to modify my population balance equation model (see Materials and 
Methods) to account for the oil effect in NLC dispersions by increasing the transformation rate 
constant to k = 2.0 h-1, which was an order of magnitude larger than the value previously used, 
and by increasing the aspect ratio of -form particles from p = 0.2 to p = 0.75 based on my cryo-
TEM images. However, the model predicted much faster and more complete aggregation than 
was observed experimentally (not shown). While my model did not account for increased 
attractive forces due to the presence of anisometric particles [95], I hypothesized that shape 
change might not be the only cause of reduced aggregation in my NLC dispersions. 
Motivated by this modeling result, I performed another set of experiments to investigate 
the amount of surfactant required to stabilize the tristearin NLC dispersions. The lipid phase was 
comprised of 90wt% tristearin and 10wt% triolein, while the Tween 60 surfactant concentration 
was reduced from 2wt% used in my previous experiments to vary between 0.1wt% and 1wt%. 
Particle size distributions of these NLC samples after storage at room temperature up to 41 days 
are presented in Fig. 3.9(a). The dispersions could be stabilized with as little as 0.5wt% surfactant, 
while a pure tristearin SLN dispersion with 2wt% surfactant gelled within 1 day (Fig. 3.1(a)). NLC 
dispersions prepared with 0.1wt% and 0.5wt% surfactant both exhibited significant aggregation, 
but neither sample gelled within the time period of the experiment. These results demonstrate 
that much less surfactant is needed to stabilize tristearin nanoparticles in the presence of an 
effective carrier oil such as triolein. 
I attempted to model the effect of the carrier oil on surfactant efficiency by adjusting 𝛤∞, 
the parameter that represents the maximum surface coverage above which collisions do not 
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produce aggregation. Rather than maintain this parameter constant as in my previous study [93], 
I allowed 𝛤∞ to vary under the assumption that the carrier oil may change the lipid-surfactant 
interfacial properties (e.g. interfacial tension, zeta potential, surfactant coverage on the particle 
surface, hydrophilic-lipophilic balance) as well as the maximum surface coverage. The model was 
further altered by modifying the aggregation rate function and the method used to calculate the 
surface coverage  (see Materials and Methods). Simulation results obtained with the modified 
model for different values of 𝛤∞  are presented in Fig. 3.9(b)-(d). For sufficiently small 𝛤∞ , the 
model was able to capture negligible aggregation as observed experimentally for sufficiently high 
surfactant concentrations (Fig. 3.9(a)). An intermediate value of 𝛤∞ produced partial aggregation 
consistent with my experiment that used an intermediate surfactant concentration. Finally, a 
relatively large value of 𝛤∞ produced complete aggregation similar to that observed for the lowest 
surfactant concentration. When combined with my experimental findings, these simulation 
results suggest that the carrier oil enhanced the effectiveness of the surfactant to stabilize the 
dispersion against aggregation. 
3.4 Discussion 
My experimental results demonstrated that tristearin nanoparticle dispersions can be 
stabilized by mixing the lipid with different types of carrier oils prior to emulsification and 
crystallization to form nanostructured lipid carriers (NLCs). Dispersion stability was strongly 
dependent on the type and concentration of the carrier oil. The C18:1 triglyceride triolein and the 
C8:0 triglyceride tricaprylin proved very effective at retarding aggregation. Both these oils can be 
viewed as being spatially incompatible with tristearin, as triolein has unsaturated carbon chains 
and tricaprylin has shorter carbon chains. I hypothesize that these oils may create crystal packing 
heterogeneities that result in a less ordered matrix structure within the NLCs. Because both 
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unsaturated and shorter carbon chains result in lower melting points, the melting point of 
triglyceride oils could be an important factor affecting the stability of NLC dispersions. This trend 
was followed in experiments with olive oil (melting point -6°C) and palm oil (melting point 35°C) 
which showed that olive oil produced much more stable dispersions. According to my hypothesis, 
the enhanced stabilizing effect of olive oil was attributed to it having more unsaturated carbon 
chains than palm oil. Experiments in which the hydrocarbon pentadecane was used as the carrier 
oil produced highly stable dispersions and demonstrated that a glycerol backbone in the oil is not 
a requirement for NLC stabilization. When the fatty acid oleic acid was used as the carrier oil, NLC 
dispersions exhibited significant aggregation until a relatively high oil concentration was used. A 
possible explanation of this poor performance is that oleic acid has an acid functional group, which 
may change the oil-surfactant interfacial properties in an undesirable way. This hypothesis 
requires further experimental investigation beyond the scope of this study. 
For all the carrier oils studied, DSC results showed that a large increase in the polymorphic 
transformation rate was induced by the addition of a relatively small amount of carrier oil into 
the lipid phase. This behavior has been attributed to the presence of oil increasing the mobility of 
the saturated tristearin molecules, thereby enabling them to reorganize their crystal structure 
more rapidly [37]. Furthermore, melting and crystallization temperatures were shown to decrease 
linearly with increasing oil content and the melting peak became broader as the oil content 
increased. A broadening in melting range is correlated with the presence of impurities or a less 
ordered crystal structure [11]. These results strongly suggest a less ordered packing of -form 
tristearin crystals in the presence of the carrier oils considered in this study. 
For the four pure oils studied, I found a reasonable correlation between the slope of the 
melting temperature decrease and the minimum amount of oil needed to stop NLC aggregation 
(Table 3.3). Pentadecane produced the largest decrease in the melting point slope and required 
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the lowest concentration for dispersion stabilization. By contrast, oleic acid produced the smallest 
slope decrease and required the highest concentration for stabilization. This trend follows the 
hypothesis postulated above that oils which produce less ordered NLC matrix structures will be 
more stabilizing. However, this trend does not appear to be followed by more complex common 
oils. Olive oil and palm oil produced similar melting temperature decreases but olive oil was much 
more effective for dispersion stabilization (Table 3.3). I found no clear relationship between the 
slope of the crystallization temperature decrease and the minimum amount of oil needed to stop 
NLC aggregation.  I hypothesize that olive oil produced more stable NLC dispersions than palm oil 
because the fluid olive oil likely promoted a more mobile interface compared with the solid palm 
oil. Increased mobility of surfactant at the particle surface could allow the surfactant molecules 
to move around the interface during the polymorphic transformation to stabilize uncovered 
hydrophobic surfaces. 
Cyro-TEM images collected for tristearin-triolein NLCs showed that  crystals became 
more spherical as the triolein content was increased. These images suggest that the presence of 
triolein resulted in less particle shape change due to the polymorphic transformation, a result 
consistent with tripalmitin-fish oil NLCs studied by dynamic light scattering [37]. Because the 
effect on shape change was not clear at low triolein concentrations at which aggregation 
occurred, I hypothesize that the oil-induced retardation of shape change is an important factor in 
the NLC stabilization mechanism. My TEM images did not indicate triolein phase separation within 
the particles or triolein located on particle surfaces, which suggests that tristearin and triolein 
formed a homogeneous phase within the particles. By contrast, NLCs prepared with Compritol as 
the lipid and Miglyol as the oil have been interpreted as solid lipid platelets with oil present 
between the platelet surface and the surfactant layer [54-56]. I suspect that these differences are 
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attributable to the particular lipid-oil systems studied, although this issue warrants further 
investigation.  
I modified my previously developed population balance equation model of SLN 
aggregation [93] to account for the effects of the carrier oil. Increasing the rate of polymorphic 
transformation and decreasing the amount of particle shape change did not reproduce the 
stabilizing effects of the carrier oil observed experimentally. Additional experiments performed 
with the tristearin-triolein system demonstrated that much less Tween 60 surfactant was able to 
stabilize NLC dispersions than was required to stabilize SLN dispersions in the absence of triolein. 
I hypothesized that the carrier oil may change the lipid-surfactant interfacial properties and alter 
the maximum surfactant surface coverage needed to stop aggregation. Simulations performed 
with different values of the model parameter 𝛤∞ , which represents the maximum surface 
coverage above which particle collisions do not produce aggregation, reproduced experimentally 
observed behaviors of negligible aggregation, partial aggregation and complete aggregation. 
Based on these experimental and simulation results, I concluded that the carrier oil enhanced the 
ability of the surfactant to create repulsive interparticle forces needed for dispersion stabilization. 
While this issue requires further investigation, I hypothesize that the presence of oil molecules 
within the homogeneous lipid phase could change lipid-surfactant interfacial properties, increase 
the mobility of surfactant molecules at the particle surface and allow surfactant molecules that 
are redistributed during the polymorphic transformation to stabilize uncovered hydrophobic 
surfaces.  
3.5 Conclusions 
 Nanostructured lipid carriers (NLCs) are second generation delivery systems that are 
prepared by mixing a liquid carrier oil with the solid lipid. NLCs offer several advantages over first 
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generation solid lipid nanoparticles (SLNs), including superior bioactive compound encapsulation, 
protection and release properties. Considerably less studied is the role of the carrier oil in the 
superior resistance of NLC suspensions to aggregation stability. I believe that my study represents 
the first systematic investigation of different carrier oils on the crystallization and aggregation 
behavior of NLCs prepared with the model lipid tristearin. 
My major conclusions are that: 
1. NLC suspension stability was strongly affected by the type and amount of the carrier oil. 
2. When triolein was used as the carrier oil, the crystallization and melting temperatures 
decreased, the polymorphic transformation rate increased, the particles became more 
spherical, and suspension stability was enhanced as the oil concentration was increased. 
Similar trends were observed for the other pure and common oils studied. 
3. Triglyceride oils with lower melting temperatures and pure oils with larger slopes 
between oil content and NLC melting temperature favored the formation of stable 
suspensions. 
When triolein was used as the carrier oil, considerably less Tween 60 surfactant was 
necessary to produce stable NLC suspensions than was required to stabilize SLN suspensions. The 
results could be reproduced by a suitably formulated population balance equation model of NLC 
aggregation dynamics. 
My results led to the following hypotheses: 
1. Carrier oil trapped within the growing crystal matrix accelerated the polymorphic 
transformation but retarded the large shape change normally associated with the 
transformation. 
2. Enhanced NLC suspension stability was attributable to both reduced particle shape 
change, which created less new surface area to be covered by surfactant, and increased 
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mobility of surfactant molecules on the particle surface, which resulted in available 
surfactant being more efficient at covering newly created interfaces.  
I believe that this study represents a first step towards mechanistic and quantitative 
understanding of carrier oil effects on NLC suspension stability and ultimately could lead to 
rational strategies for designing stable NLC systems for various bioactive compound delivery 
applications. 
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Table 3.1 Physicochemical property data for the pure oils 
 
Material Melting point (°C) Structure 
Tristearin 73 C18:0 triglycerides 
Triolein 5 C18:1 triglycerides 
Tricaprylin 10 C8:0 triglycerides 
Oleic acid 13 C18:1 fatty acid 
Pentadecane 12 C15 hydrocarbon 
 
Table 3.2 Physicochemical property data for the common oils 
   Saturated 
 Mono 
unsaturated 
 Poly 
unsaturated 
Material Melting 
point 
(°C) 
Unsat./Sat. 
ratio 
Myristic 
Acid 
 
C14:0 
Palmitic 
Acid 
 
C16:0 
Stearic 
Acid 
 
C18:0 
 
Oleic 
Acid 
 
C18:1 
 
Linoleic 
Acid 
(ω6) 
C18:2 
Alpha 
Linolenic 
Acid 
(ω3) 
C18:3 
Olive oil -6 4.6 - 13 3  71  10 1 
Palm oil 35 1.0 1 45 4  40  10 - 
 
Table 3.3  Pure material melting temperature (Tm), minimum oil concentration needed to stop 
NLC aggregation (Cmin) and the regressed slopes of the melting (Tm slope) and crystallization (Tc 
slope) temperatures versus oil concentration. 
Material Tm (°C) 
Cmin 
(wt%) 
Tm 
slope 
(°C) 
Tc slope 
(°C) 
Pentadecane 12 2.5 -30.54 -19.82 
Tricaprylin 10 5 -12.17 -20.15 
Triolein 5 7.5 -8.51 -13.16 
Oleic acid 13 20 -5.46 -29.31 
Olive oil -6 5 -7.67 -9.75 
Palm oil 35 20 -7.02 -8.98 
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Figure 3.1. Tristearin-triolein system. Evolution of the particle size distribution for (a) tristearin 
SLNs; (b) 2.5wt% triolein NLCs; (c) 5wt% triolein NLCs; (d) 7.5wt% triolein NLCs; and (e) 10wt% 
triolein NLCs. (f) Evolution of average particle size d32 for samples with different triolein 
compositions.  
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Figure 3.2. DSC results for tristearin SLNs and tristearin-triolein NLCs. (a) DSC scans at day zero for 
different triolein compositions; (b) DSC quick scans for different triolein compositions; (c) the 
dependence of the melting and crystallization temperatures on  triolein content; and (d) the 
dependence of the melting enthalpy on  triolein content. The correlation coefficients (R2) were 
0.996, 0.962 and 0.995 and the slopes were -13.2°C, -8.5°C and -153.2J/g for the Tc, Tm and melting 
enthalpy linear regressions, respectively. 
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                                 (e)                                                                                 (f) 
 
Figure 3.3. Cyro-TEM images of tristearin SLNs and triolein-tristearin NLCs. (a) tristearin SLNs; (b) 
2.5wt% triolein NLCs; (c) 5wt% triolein NLCs; (d) 7.5wt% triolein NLCs at a reduced scale; (e) 
10wt% triolein NLCs; and (f) 50wt% triolein NLCs. Yellow arrows: -form particles; blue arrows: -
form particles; white arrows: support grid. 
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Figure 3.4. Tristearin-tricaprylin system. Evolution of the particle size distribution for (a) 2.5wt% 
tricaprylin NLCs and (b) 10wt% tricaprylin NLCs. (c) Evolution of average particle size d32 for 
samples with different tricaprylin compositions. (d) DSC scans at day zero for different tricaprylin 
compositions; (e) DSC quick scans for different tricaprylin compositions; (f) the dependence of the 
melting and crystallization temperatures on tricaprylin content. The correlation coefficients (R2) 
were 0.972 and 0.989 and the slopes were -20.7°C and -12.2°C for Tc and Tm, respectively. 
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Figure 3.5. Tristearin-oleic acid system. (a) Particle size distributions for different oleic acid 
compositions at day 0. (b) Evolution of the particle size distribution for 20wt% oleic acid NLCs. (c) 
DSC quick scans for different oleic acid compositions; (d) Dependence of the melting and 
crystallization temperatures on oleic acid content. The correlation coefficients (R2) were 0.913 
and 0.971 and the slopes were -26.5°C and -4.8°C for Tc and Tm, respectively. 
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Figure 3.6. Tristearin-pentadecane system. (a) Evolution of the particle size distribution for 
2.5wt% pentadecane NLCs. (b) Evolution of average particle size d32 for samples with different 
pentadecane compositions; (c) DSC quick scans for different pentadecane compositions; (d) 
Dependence of the melting and crystallization temperatures on pentadecane content. The 
correlation coefficients (R2) were 0.991 and 0.994 and the slopes were -19.8°C and -30.5°C for Tc 
and Tm, respectively. 
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Figure 3.7. Tristearin-olive oil system. Evolution of the particle size distribution for (a) 2.5wt% 
olive oil NLCs and (b) 5wt% olive oil NLCs. (c) Evolution of average particle size d32 for samples 
with different olive oil compositions. (d) DSC scans at day zero for different olive oil compositions; 
(e) DSC quick scans for different olive oil compositions; (f) the dependence of the melting and 
crystallization temperatures on olive oil content. The correlation coefficients (R2) were 0.985 and 
0.987 and the slopes were -9.8°C and -7.7°C for Tc and Tm, respectively. 
 
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
 0d
 1d
 4d
 35d
 153d
V
o
l.
%
Size (m)
10wt% palm oil/90wt% tristearin
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
 0d
 1d
 4d
 35d
 153d
V
o
l.
%
Size (m)
20wt% palm oil/80wt% tristearin
 
                           (a)                                                                                 (b) 
0 20 40 60 80 100120140160
0.10
0.15
0.20
0.25
0.30
0.35
d
3
2
 (

m
)
Time(day)
 2.5wt%
 5wt%
 10wt%
 20wt%
 
0.00 0.05 0.10 0.15 0.20 0.25
68.0
68.5
69.0
69.5
70.0
70.5
71.0
 T
m
 T
m
 Fit
 T
c
 T
c
 Fit
T
m
 (
o
C
)
Palm oil content
31
32
33
34
T
c
 (
o
C
)
 
                           (c)                                                                                  (d) 
Figure 3.8. Tristearin-palm oil system. Evolution of the particle size distribution for (a) 10wt% palm 
oil NLCs and (b) 20wt% palm oil NLCs. (c) Evolution of average particle size d32 for samples with 
different palm oil compositions. (d) Dependence of the melting and crystallization temperatures 
on palm oil content. The correlation coefficients (R2) were 0.966 and 0.996 and the slopes were -
9.3°C and -7.9°C for Tc and Tm, respectively 
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Figure 3.9. (a) Evolution of the particle size distribution for 10wt% tristearin-triolein NLCs with 
10wt% triolein and different surfactant contents. Simulation results for (b) ∞× 
mole/cm2; (c) ∞×mole/cm2, and (d)∞× mole/cm2. 
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CHAPTER 4 
 
THE CONTROLLED AGGREGATION AND TUNABLE VISCOSITY OF NANOSTRUCTURED LIPID 
CARRIER DISPERSIONS 
4.1 Introduction 
In this chapter, I investigated the effect of formulation variables (dispersed phase, carrier 
oil and surfactant concentrations) on particle aggregation and rheological properties of NLC 
dispersions. Tristearin and triolein were selected as the solid lipid and carrier oil, respectively, 
since I have used this model system in my previous work on NLC dispersion stability in Chapter 2 
[96]. A previously developed model for weakly aggregated dispersions [69, 70] was fit to my 
experimental data to provide insights into the aggregation effect. I believe that my study 
represents the first comprehensive investigation focused on controlling aggregation to tune the 
rheological properties of NLC dispersions and therefore represents an important step towards 
developing rational NLC design strategies for bioactive compound delivery and rheology 
modification. 
4.2 Materials and methods 
4.2.1 Materials 
Tristearin and triolein were purchased from TCI America (Portland, OR). The surfactant 
Tween 60 was supplied by Procter and Gamble. All materials were used as received. 
4.2.2 NLC Preparation 
NLC dispersions were prepared by using the hot homogenization method [12]. The 
dispersed phase was prepared by mixing tristearin and triolein at a temperature of 85°C, 
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approximately 10°C above the melting point of tristearin. The aqueous phase was prepared by 
mixing deionized nanopure water with Tween 60 surfactant followed by heating to 85°C. Different 
NLC formulations consisting of 5-30wt% total lipid phase were prepared. The triolein content in 
the lipid phase varied from 5wt% to 50wt%. The mass ratio of surfactant to dispersed phase varied 
from 1% to 20%. Coarse oil-in-water emulsions were prepared by mixing the lipid and aqueous 
phases together at 85°C using a high speed blender (Ultra-Turrax Model T18, IKA-Works Inc.) for 
5 minutes at 16,000 rpm. Fine emulsions were prepared by passing the coarse emulsion through 
a high pressure homogenizer (Emulsiflex C-3, Avestin Inc.) 4 times at 800 bar with the temperature 
was maintained at 85°C. The coarse and fine emulsions were cooled in a refrigerator for 12 hours 
to obtain NLC dispersions, which were subsequently stored at room temperature. 
4.2.3 NLC Characterization 
4.2.3.1 Particle Size Distribution  
Particle size distributions of NLC dispersions were measured by static light scattering 
(Mastersizer 2000, Malvern Instruments). Refractive indices of 1.54 for the particles and 1.33 for 
water were used to calculate particle size distributions [27].  
4.2.3.2 Rheology 
The rheological measurements were performed with a stress-controlled rheometer (TA 
Instruments AR 2000) using an aluminum cone and plate geometry with a 20 mm diameter, 4° 
cone. All measurements were carried out at a temperature of 20°C. Continuous flow 
measurements were performed by increasing the shear rate from 0.001 s-1 to 100 s-1 and 
measuring the resulting viscosity. For some dilute samples, data at the lowest shear rates were 
below the limit of sensitivity of the rheometer’s torque transducer; these data points are not 
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shown. Additionally, a few more concentrated samples were observed to display some type of 
phase separation at the highest shear rates, with one phase exhibiting opacity, a cream-like 
consistency, and a sudden increase in the viscosity. These data are also not shown. Oscillation 
stress sweep tests were performed at a frequency of 1 Hz in a stress range of 0.01-100 Pa. 
Oscillation frequency sweep tests were carried out over a range from 0.1 Hz to 10 Hz at stresses 
of 0.02 Pa and 4 Pa. 
4.2.4 Mathematical Model 
A mathematical model developed to predict the steady shear viscosity of weakly 
aggregated dispersions [69, 70] was selected to fit my experimental data.  
𝜂 = 𝜇 (1 −
𝜙𝑎
𝜙𝑚
)
−2.5𝜙𝑚
+
𝜎∗(𝜙𝑝,𝜙𝑎)
𝛾
                                                                                                      (4.1) 
𝜎∗(𝜙𝑝, 𝜙𝑎) ≈ 𝛼
𝐹𝑐ℎ𝑐
𝑎3
𝜙𝑎
2 (
𝜙𝑝
𝜙𝑎
)
(5−2𝑑𝑓−𝑑𝑙) (3−𝑑𝑓)⁄
                                                                                 (4.2) 
The steady shear viscosity of the dispersion is described by Eq. (4.1), where  is the viscosity of 
the dispersion,  is the viscosity of the continuous phase, a is the volume fraction of aggregates, 
p is the volume fraction of particles, m is maximum packing fraction,  is the shear rate and * 
can be interpreted as the yield stress of the system at fixed a. The first term on the right hand 
side of Eq. (4.1) is the hydrodynamic contribution to the viscosity, while the second term is the 
structural contribution. The yield stress* is approximated using Eq. (4.2), where  is the capture 
efficiency or the fraction of particle collisions resulting in rigid interaggregate chains, Fc is the 
bonding force between particles, hc is the equilibrium value of the gap width between particles, 
a is the particle radius (I used the surface-averaged radius in my simulations), df is the fractal 
dimension of aggregates and dl is the chemical dimension of chains [70]. In my study, 
experimentally determined values of , p and a were inputs to the model and a was calculated 
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from other parameters. The parameters Fc, hc, df, dl, p and  were used to fit my experimental 
data by minimizing the following objective function using the MATLAB code lsqnonlin: 
𝛹 = ∑ (
𝜂𝑚𝑜𝑑𝑒𝑙,𝑖−𝜂𝑒𝑥𝑝,𝑖
𝜂𝑒𝑥𝑝,𝑖
)
2
𝑛
𝑖=1                                                                                                                      (4.3) 
where n is the number of data points, model is the calculated viscosity value and exp is the 
measured viscosity value. The dataset for each formulation was fit individually to obtain a new 
set of parameters such that parameter trends could be analyzed. 
4.3 Results  
4.3.1 Effect of Formulation Variables on NLC Dispersion Aggregation and Viscosity  
The effect of dispersed phase concentration on the viscosity of stable (non-aggregating) 
NLC dispersions was studied at a constant ratio of solid lipid (tristearin)/carrier oil 
(triolein)/surfactant (Tween 60). Each sample was labeled with three different numbers: 
dispersed phase concentration, oil content in the dispersed phase and total surfactant content. 
For example, the sample labeled “5%L-10%O-1%S” contained 5wt% total dispersed phase (lipid 
phase) and 1wt% surfactant with the 5wt% dispersed phase prepared by mixing 90wt% tristeain 
and 10wt% triolein. The particle size distributions (PSDs) from samples collected at different times 
are shown in Fig. 4.1 (a-c). In each plot, the black line is the PSD of the emulsion before cooling, 
while the red and blue lines are the PSDs when the dispersion was first removed from the 
refrigerator and right before the viscosity measurement, respectively. The PSDs of these three 
samples with dispersed phase concentrations of 5wt%, 10wt% and 20wt% were similar. No 
significant PSD change was observed during storage, which indicated negligible particle 
aggregation. The viscosity of each sample as a function of shear rate is presented in Fig. 4.1 (d). 
The results showed a shear thinning behavior for all three samples, as the viscosity decreased 
with increasing shear rate and reached an approximately constant value at high shear rates. As 
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expected [58],the dispersion viscosity increased significantly as the dispersed phase 
concentration increased from 5wt% to 20wt%. 
Next the effect of surfactant concentration on particle aggregation and dispersion 
viscosity was investigated. Three samples were prepared using 10wt% total dispersed phase, 
10wt% oil in the dispersed phase, and 0.25wt%, 1wt% and 2wt% surfactant. The PSD behaviors of 
the three NLC dispersions are shown in Fig. 4.2 (a-c). After 3 days significant aggregation was 
evident in the sample with 0.25wt% surfactant. By contrast, the sample with 1wt% surfactant 
showed little aggregation after 5 days and negligible aggregation was observed after 2 days when 
the surfactant content was increased to 2wt%. my previous study on the aggregation stability of 
NLC dispersions showed that such samples remained stable and the PSD was unchanged beyond 
the first two days of storage at room temperature [96]. Therefore, these results demonstrate that 
controlled aggregation of NLC dispersions can be achieved by varying the amount of surfactant. 
The steady shear viscosities of these three dispersions are shown in Fig. 4.2 (d). Despite having 
the same dispersed phase volume fraction, the three samples produced substantially different 
viscosity profiles with the 0.25wt% surfactant sample exhibiting low shear viscosities that were 
more than two orders of magnitude larger than those at 2wt% surfactant. The 1wt% surfactant 
sample produced viscosities between the other two samples, suggesting that viscosity was 
directly affected by the degree of aggregation. These results indicated that the surfactant 
concentration can be adjusted to obtain controlled aggregation and tunable viscosity behavior. 
Samples with the same dispersed phase and surfactant concentrations but different oil 
contents in the lipid phase were prepared to investigate the effect of oil content on dispersion 
aggregation and viscosity. Three samples were prepared using 10wt% dispersed phase 
concentration, 1wt% surfactant concentration and oil contents in the lipid phase of 5wt%, 10wt% 
and 30wt%. PSDs collected for sample are presented in Fig. 4.3 (a-c). Paralleling the results for 
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surfactant concentration (Fig. 4.2), substantial aggregation was observed in the 5wt% oil sample, 
little aggregation was observed in the 10wt% oil sample and negligible aggregation was observed 
in the 30wt% oil sample. The steady shear viscosities of the three dispersions are shown in Fig. 
4.3 (d). Qualitatively similar results to those observed by changing the surfactant concentration 
were obtained. More specifically, low shear viscosities were increased by more than an order of 
magnitude by reducing the oil content from 30wt% to 5wt%. Collectively these results suggested 
that the surfactant concentration and/or the oil content could be reduced to obtain controlled 
aggregation and tunable viscosity behavior at a constant dispersed phase concentration. 
For substantially aggregated samples (e.g. Fig. 4.2 (a) and 4.3 (a)), the effect of the 
dispersed phase concentration on viscosity was also studied. For samples with 5wt% and 10wt% 
dispersed phase concentrations, the mass ratio of lipid/oil/surfactant was held constant. 
However, the sample prepared with 20wt% dispersed phase concentration using the same mass 
ratio was visually observed to form a gel during storage. In an attempt to achieve roughly the 
same degree of aggregation as the other two samples, the amount of surfactant used in the 
20wt% dispersed phase concentration sample was doubled. All three samples exhibited a 
substantial but controlled amount of aggregation as shown in Fig. 4.4 (a-c). The steady shear 
viscosities of the three dispersions are shown in Fig. 4.4 (d). Similar to non-aggregated samples 
(Fig. 4.1), the dispersed phase concentration appeared to be an important parameter that 
affected the viscosity of aggregated dispersions. However the interpretation of the aggregated 
results was more difficult because the samples exhibited different degrees of aggregation, which 
perhaps resulted in the 10wt% and 20wt% dispersed phase concentration samples producing 
similar viscosities below 1 s-1. Although not shown here, I found that controlled aggregation was 
difficult to achieve at dispersed phase concentrations greater than 30wt%. 
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4.3.2 Oscillatory Sweep Experiments 
To gain a better understanding of the microstructure of my NLC dispersions, oscillation 
stress and oscillation frequency sweep experiments were performed on non-aggregated and 
aggregated NLC dispersions with 5wt% and 10wt% dispersed phase concentration. An oscillation 
stress sweep test at a constant frequency of 1 Hz was performed for each sample to determine 
the linear viscoelastic region over which the aggregated network structure was intact. These tests 
yielded the complex modulus (G*) as a function of stress at a constant frequency. The complex 
modulus is a measure of the total resistance of the sample to strain. The linear viscoelastic region 
is the range of stress over which G* and the phase angle  are independent of the applied stress 
[60]. The stability of the system is also reflected in the change of phase angle  from the elastic 
region ( < 45°) to the viscous region ( > 45°). 
A representative oscillation stress sweep is shown in Fig. 4.5 (a) for an aggregated sample 
with 10wt% dispersed phase. The linear viscoelastic region extended to a stress of 0.06 Pa, at 
which point the complex modulus decreased dramatically with increasing stress. As the stress was 
increased, the phase angle increased from a value less than 10° (elastic region) to a value around 
80° (viscous region). The results indicated the destruction of the internal network structure of the 
aggregated dispersion. A sample with more stable structure would be expected to have a wider 
linear viscoelastic region than a sample with a weaker structure [60]. The oscillation stress sweep 
data for four representative NLC dispersions are shown in Fig. 4.5 (b).  All four samples had the 
same oil content of 10wt% and either 5wt% or 10wt% dispersed phase concentration. The two 
samples prepared with a 40:1 dispersed phase/surfactant ratio (labeled 5-10-0.125 and 10-10-
0.25) exhibited a substantial degree of aggregation, while the two samples prepared with a 5:1 
dispersed phase/surfactant ratio (labeled 5-10-1 and 10-10-2) exhibited a negligible amount of 
aggregation. The stress sweep data showed that both aggregated samples have much larger G* 
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than the non-aggregated samples. For the non-aggregated samples, there was no significant 
change of G* over the range of measurement and the fluctuations at low stress were due to 
limitations of the equipment. For the aggregated samples, the size of the linear viscoelastic region 
increased as the dispersed phase concentration was increased from 5wt% to 10wt%. For both 
types of dispersions, the 10wt% samples produced larger G* values than the 5wt% samples. The 
stress values of 0.02 Pa and 4 Pa were selected in the linear viscoelastic regions of the aggregated 
and non-aggregated samples, respectively, for the oscillation frequency sweep tests presented 
below. 
Oscillation frequency sweeps were conducted to study the viscoelastic behavior of 
aggregated and non-aggregated dispersions and the network structure formed by particle 
interactions. An oscillation frequency sweep measures the response of the dispersion as a 
function of frequency at a constant stress. From these experiments, I obtained the storage 
modulus G’ (elastic response), which indicated the energy stored in the system after an applied 
stress, and the loss modulus G” (viscous response), which reflected the energy loss after an 
applied stress. If performed within the linear viscoelastic region, oscillatory frequency sweeps 
provide information about the system structure under non-destructive conditions [60]. The 
dispersions were measured without significantly disrupting their structure, as may occur in a 
continuous shear flow experiment [97].  
Fig. 4.6 (a) presents the oscillation frequency sweep data for two non-aggregated samples 
with 5wt% and 10wt% dispersed phase (again labeled 5-10-1 and 10-10-2). These two samples 
produced similar data including an increase of G’ and G” with increasing frequency. The 
fluctuations of G’ at low frequencies were due to the low torque limit of the equipment. At low 
frequencies G” was larger than G’, while at higher frequencies G’ was larger than G”. For two 
aggregated dispersions (again labeled 5-10-0.125 and 10-10-0.25), very different rheological 
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behavior was observed as shown in Fig. 4.6 (b). More specifically, the aggregated samples 
produced much larger values of both moduli than the non-aggregated samples and both G’ and 
G” of the aggregated samples exhibited only weak dependency on frequency. Because the 
aggregated samples produced G’ values approximately one order of magnitude larger than the 
corresponding G” values over the whole frequency range, these samples strictly satisfy the 
rheological definition of a gel. However, aggregation produced very weak gels with G’ = 20-30 Pa 
and these samples visually still flowed upon sample inversion [98]. 
To better visualize the effect of formulation variables on the degree of particle 
aggregation, the state diagram shown in Fig. 4.7 was generated. The diagram only includes 
samples with 10wt% oil content, as all samples prepared with 30wt% and 50wt% oil content were 
stable against particle aggregation (not shown). Additionally, the states shown in Fig. 4.7 
represent samples at rest; this diagram does not account for samples that may gel or phase 
separate at high shear rates. I referred to samples with no PSD change during storage or with an 
area of the second peak at large size less than 3% of the total volume as non-aggregated samples. 
Samples that exhibited aggregation but with an area of the second peak less than 15% were 
classified as marginally aggregated samples.  If the area of the second peak was larger than 15vol% 
but the sample did not visually form a gel, I used term controlled aggregation. As I mentioned 
above, even some of the controlled aggregated samples satisfy the rheological definition of a gel, 
albeit a weak gel as the samples visually still appear to be fluids. Here, I use the term strong gel 
to refer to samples that visually appear to be gels; that is, those samples that do not visually flow 
and support their own weight when inverted. However, I also expect these samples to behave 
rheologically as gels, with the storage modulus G’ mainly independent of frequency and larger 
than the loss modulus G” for all frequencies measured. 
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The black data points in Fig. 4.7 represent non-aggregated samples. The area under the 
black line is the region where non-aggregated samples definitely would be formed, since 
decreasing dispersed phase concentration and/or increasing surfactant concentration will result 
in less aggregation. The green data points represent samples that formed strong gels. The area 
above the green line is the region where strong gelled samples definitely would be formed, since 
higher dispersed phase concentration and/or less surfactant will facilitate gelation. No gelation 
was visually observed for samples with 5wt% and 10wt% dispersed phase concentrations, 
although again as I showed above, some of these samples rheologically displayed significant 
elasticity. If dispersion occupied the area between the two lines, the sample could be in the non-
aggregation regime, the marginally aggregated regime (red points), the controlled aggregation 
regime (blue points) of the strong gel regime depending on the formulation. 
4.3.3 Modeling Results 
The mathematical model described in Section 4.1.4 for prediction of the steady shear 
viscosity of weakly aggregated dispersions [69, 70] was fit to my shear rate versus viscosity data. 
The model fitting parameters were Fc, hc, df, dl, p and . Each formulation was fit individually to 
obtain a new set of parameters such that parameter trends could be analyzed. A representative 
set of model fitting results for NLC dispersions prepared with 10wt% oil concentration, 10wt% oil 
content and 0.25-2.0% surfactant concentration are shown in Fig. 4.8. The fitted models provided 
satisfactory viscosity predictions over the wide range of shear rates studied. 
Two fitting parameters (dl, p) showed no obvious trends with respect to the NLC 
formulation (not shown). By contrast, clear trends were observed for the remaining three 
parameters: the bonding force Fc, the fractal dimension df and the aggregation efficiency . These 
trends are shown in Fig. 4.9 for samples prepared with 10wt% dispersed phase concentration. The 
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fitting parameters obtained for samples prepared with 10% oil content and different surfactant 
concentrations are shown in Fig. 4.9 (a). Both Fc and  decreased as the surfactant concentration 
was increased, suggesting diminished bonding forces between particles and a reduced 
aggregation efficiency. The fractal dimension df increased from about 1.7 for low surfactant 
samples to about 2.2 for samples with high surfactant. Similar trends were observed for samples 
prepared with 1% surfactant concentration as the oil content was increased from 5wt% to 50wt% 
(Fig. 4.9 (b)). 
I hypothesized that increasing surfactant concentration resulted in increased surfactant 
coverage on particle surfaces, reduced hydrophobic attractive forces between particles and 
weaker bonding forces. Similarly, increased surface coverage could lead to improved particle 
stabilization and reduced aggregation efficiency. I further hypothesized that increasing oil content 
increased the mobility of surfactant molecules on particle surfaces and inhibited particle shape 
change, both of which will resulted in weaker hydrophobic attractive forces and reduced 
aggregation. The observed variations in the fractal dimension parameter indicated an internal 
structure change of the aggregated dispersions. More specifically, the fractal dimension increase 
suggested the internal structure changed from porous network to more compact structure [99, 
100] as the surfactant concentration and/or oil content was increased. 
4.4 Discussion  
My experimental results demonstrated that the rheological properties of NLC dispersions 
can be substantially modified through controlled aggregation of the lipid nanoparticles. While the 
viscosity can be increased through the usual approach of simply increasing the dispersed phase 
concentration (Fig. 4.1), controlled aggregation represents a potentially more cost effective 
approach for producing large dispersion volumes with tunable viscosity. I showed that the 
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viscosity could be increased by a least of magnitude at moderate shear rates (<10 s-1) by 
decreasing the surfactant concentration (Fig. 4.2) and/or the amount of carrier oil mixed with the 
lipid prior to solid particle formation (Fig. 4.3) through controlled aggregation without changing 
the dispersed phase concentration. I attributed the increased viscosity of the aggregated 
dispersions to increased hydrophobic attraction between particles mediated by low surfactant 
concentrations and/or low oil contents. Both factors resulted in increased particle aggregation 
and the formation of an internal network structure within the dispersion. While additional 
increases in NLC dispersion viscosity could be obtained by increasing the dispersed phase 
concentration (Fig. 4.4), I found that controlled aggregation was difficult to achieve at total lipid 
concentrations exceeding 30wt%.  
Oscillation stress sweep tests on aggregated samples indicated a linear viscoelastic region 
where the dispersions behaved like an elastic solid (Fig. 4.5). When the stress was increased 
beyond the viscoelastic region, the complex modulus decreased sharply with increasing stress 
indicating the breakdown of the internal network structure. The viscoelastic region became wider 
as the dispersed phase concentration was increased from 5wt% to 10wt%, suggesting a more rigid 
structure due to increased particle interactions [60]. Oscillation frequency sweep tests performed 
in the linear viscoelastic region indicated that non-aggregated dispersions behaved like a 
viscoelastic liquid with a more viscous response at low frequencies (<2 Hz) and a more elastic 
response above this crossover frequency (Fig. 4.6). As expected, aggregated dispersions produced 
more complex oscillation frequency sweep results. Both the storage modulus G’ and the loss 
modulus G” were much larger than the corresponding values for non-aggregated dispersions, and 
both moduli showed only a weak dependency on the applied frequency which is typical for a 
viscoelastic solid [60]. The storage modulus was approximately one order of magnitude larger 
than the loss modulus over the entire range of applied frequencies, which indicated the presence 
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of a gel-like structure. However, these aggregated dispersions are actually weak gels and most 
likely have very weak network structures. My experimental results were collectively used to 
produce a state diagram that showed the effect of the surfactant concentration and the oil 
content on the degree of particle aggregation for NLC dispersions with 10wt% dispersed phase 
concentration (Fig. 4.7). 
A previously developed viscosity model for weakly aggregated dispersions fit to the 
viscosity versus shear rate data for different NLC formulations (Fig. 4.8) produced clear trends in 
three fitting parameters (Fig. 4.9). The bonding force parameter Fc decreased as the surfactant 
concentration or oil content was increased, suggesting that attractive hydrophobic forces 
between particles were decreased. A similar trend was observed for the aggregation efficiency 
parameter  as increased amounts of surfactant or oil stabilized the particles and reduced the 
efficiency of particle collisions. When the surfactant concentration or oil content was increased, 
the fractal dimension parameter df increased from about 1.7 for aggregated samples to roughly 
2.3 for non-aggregated samples. The df value of 1.7 obtained for aggregated samples indicated 
the formation of a porous, interconnected network structure in the aqueous liquid [99], which 
was consistent with my results from oscillatory sweep experiments. Conversely the df value of 
roughly 2.3 obtained for non-aggregated samples suggested a more compact structure [100] and 
should represent the fractal dimension of individual particles. 
Collectively my results have demonstrated that the viscosity of NLC dispersions can be 
tuned by controlling the degree of particle aggregation through appropriate selection of the 
surfactant concentration and/or oil content of the formulation. The controlled aggregation 
mechanism provides a means to dramatically increase the dispersion viscosity without altering 
the dispersed phase concentration. As a result, partially aggregated NLC dispersions hold promise 
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as low cost viscosity enhancers for applications in the food, pharmaceutical and consumer product 
industries. 
4.5 Conclusions 
I investigated the effect of dispersed phase concentration, oil content and surfactant 
concentration on the aggregation and viscosity of NLC dispersions. Higher dispersed phase 
concentrations produced dispersions with higher viscosity. For a constant dispersed phase 
concentration, the viscosity of the dispersion could be modified by controlling the amount particle 
aggregation using different oil content and surfactant concentrations. The viscosity of the 
dispersion could be tuned by at least an order of magnitude by controlling the particle 
aggregation. Oscillation sweep tests showed typical behaviors of a viscoelastic liquid and a 
viscoelastic solid for non-aggregated and aggregated dispersions, respectively. Oscillation 
frequency sweep tests further indicated a weak gel structure in the aggregated dispersions. 
Modeling results suggested an increase of the bonding force between particles and the 
aggregation efficiency as the oil content and surfactant concentration were decreased.  The 
fractal dimension obtained by model fitting of aggregated systems indicated the formation of a 
porous, interconnected network structure in the dispersion. 
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Figure 4.1. Effect of dispersed phase concentration on the viscosity of non-aggregating NLC 
dispersions: (a)-(c) particle size distributions (PSD) of samples prepared with 5wt%, 10wt% and 
20wt% dispersed phase concentrations; (d) steady shear viscosities of the three samples.  
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Figure 4.2. Effect of surfactant concentration on the aggregation and viscosity of NLC dispersions: 
(a)-(c) PSDs of samples prepared with 10wt% dispersed phase concentration and 10wt% oil 
containing 0.5, 1 and 2wt% surfactant; (d) steady shear viscosities of the three samples. 
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Figure 4.3. Effect of oil content on the aggregation and viscosity of NLC dispersions: (a)-(c) PSDs 
of samples prepared with 10wt% lipid concentration and 1wt% surfactant containing 5, 10 and 
30wt% oil; (d) steady shear viscosities of the three samples. 
 
 
 
 
 
78 
 
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
V
o
l.
%
Size (m)
 EM
 0d
 2d
5%L-10%O-0.125%S
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
V
o
l.
%
Size (m)
 EM
 0d
 3d
10%L-10%O-0.25%S
 
                              (a)                                                                               (b) 
0.01 0.1 1 10 100 1000
0
2
4
6
8
10
V
o
l.
%
Size (m)
 EM
 0d
 5d
20%L-10%O-1%S
1E-3 0.01 0.1 1 10 100
1E-3
0.01
0.1
1
10
100
1000
  5-10-0.125
 10-10-0.25
 20-10-1
v
is
c
o
s
it
y
 (
P
a
.s
)
shear rate (1/s)  
                              (c)                                                                                (d) 
Figure 4.4. Effect of dispersed phase concentration on the viscosity of aggregated NLC dispersions: 
(a)-(c) PSDs of samples prepared with 5wt%, 10wt% and 20wt% dispersed phase concentrations 
and the amounts of oil and surfactant indicated; (d) steady shear viscosities of the three samples. 
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Figure 4.5. Oscillation stress sweep tests: (a) aggregated dispersion with 10wt% dispersed phase, 
10wt% oil and 0.25wt% surfactant. (b) aggregated (5-10-0.125 and 10-10-0.25) and non-
aggregated samples (5-10-1 and 10-10-2). 
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Figure 4.6. Oscillation frequency sweep tests: (a) non-aggregated samples (5-10-1 and 10-10-2); 
(b) aggregated samples (5-10-0.125 and 10-10-0.25). 
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Figure 4.7. State diagram with 10wt% oil content for NLC dispersions at rest. Black squares: no 
aggregation; red circles: marginally aggregation; blue triangles: controlled aggregation; green 
diamonds: strong gel formation. 
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Figure 4.8. Viscosity model fitting for NLC dispersions prepared with 10% dispersed phase 
concentration, 10% oil content and 0.25-2% surfactant concentration. 
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Figure 4.9. Viscosity model fitting parameters for NLC dispersions with: (a) 10% dispersed phase 
concentration, 10% oil content and 0.25-2% surfactant concentration; (b) 10% dispersed phase 
concentration, 1% surfactant and 5-50% oil content. 
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CHAPTER 5 
 
CONCLUSIONS AND FUTURE WORK 
5.1 Conclusions 
I developed a population balance equation (PBE) model to describe aggregation dynamics 
in stored dispersions of solid lipid nanoparticles (SLNs). The model was based on the hypothesis 
that particle aggregation was driven by lipid crystals undergoing a polymorphic transformation 
from the thermodynamically unstable  form the stable  form, which created an increase in 
particle surface area, a decrease in surfactant surface coverage, and an increase hydrophobic 
attraction between particles. Experiments showed that the polymorphic transformation was the 
rate determining step in the aggregation process, SLNs with smaller initial size distributions 
underwent polymorphic transformation and aggregation more rapidly, and aggregates contained 
particles with both  and  crystals. The PBE model generated predictions of the average 
polymorph content and the aggregate size distribution under the simplifying assumptions that 
primary particles comprised entirely of  crystals were transformed into primary particles 
comprised entirely of  crystals, the polymorphic transformation rate was first order in the -
formparticle concentration and surfactant coverage, only -form particles could aggregate, and 
particles collided due to Brownian motion. I found that the model was able to capture the bimodal 
nature of aggregate size distributions, the -to- polymorph ratio, and the faster aggregation 
dynamics of SLNs with smaller initial size distributions. Without re-estimation of parameters, the 
model was able to capture the faster aggregation dynamics of SLNs prepared with 5 weight 
percent lipid and 0.5 weight percent surfactant. Collectively these results provide support for the 
hypothesis that aggregation was driven by the creation of new particle surface area and reduced 
surfactant coverage due to the polymorphic transformation. 
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Next I studied the effects of different carrier oils on the aggregation stability of tristearin 
SLNs. I found that the carrier oil type and concentration strongly affected SLN aggregation 
behavior. In the absence of carrier oil, SLNs quickly aggregated and formed a gel. When mixed 
with oil, the stability of SLN suspensions was highly increased. However, the minimum amount of 
oil needed to stop the aggregation varied for different types of oils. The melting temperature was 
shown to be an important determinant of effectiveness for triglyceride carrier oils. However, this 
may not be applicable for other structured oils. For a given carrier oil, oil concentration was a key 
factor affecting the polymorphic transformation rate and SLN dispersion stability. As the carrier 
oil concentration was increased, both the melting and crystallization temperatures decreased 
linearly and the melting peak became broaden, which suggest a less ordered matrix. For all these 
different types of oils, no relationship was found between the stability of SLN suspensions and 
the slopes of linear regressions for melting and crystallization temperatures. The polymorphic 
transformation rate increased such that negligible -particle content was observed at oil 
concentrations that yielded stable dispersions. Cryogenic TEM images showed that increasing 
carrier oil concentrations produced more spherical particles. Taken together, these results 
suggest that carrier oil trapped within the growing crystal matrix accelerated the polymorphic 
transformation but retarded the large shape change normally associated with the transformation. 
The aggregation process was also studied with my model for SLN aggregation. Along with the 
series of experiments for SLNs prepared from same triolein-trisearin mixture and different 
amount of surfactant, the model suggested that much less surfactant was needed to stabilize the 
system when oil was incorporated to the lipid matrix. These results suggest that, other than 
inhibiting shape change, carrier oil in the SLNs might also increase the efficiency of surfactant.  
Finally I investigated the effect of dispersed phase concentration, oil content and 
surfactant concentration on the aggregation and viscosity of NLC dispersions. Higher dispersed 
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phase concentrations produced dispersions with higher viscosity. For a constant dispersed phase 
concentration, the viscosity of the dispersion could be modified by controlling the amount particle 
aggregation using different oil content and surfactant concentrations. The viscosity of the 
dispersion could be tuned by at least an order of magnitude by controlling the particle 
aggregation. Oscillation sweep tests showed typical behaviors of a viscoelastic liquid and a 
viscoelastic solid for non-aggregated and aggregated dispersions, respectively. Oscillation 
frequency sweep tests further indicated a weak gel structure in the aggregated dispersions. 
Modeling results suggested an increase of the bonding force between particles and the 
aggregation efficiency as the oil content and surfactant concentration were decreased.  The 
fractal dimension obtained by model fitting of aggregated systems indicated the formation of a 
porous, interconnected network structure in the dispersion.  
5.2 Future Work 
I showed that particle aggregation and gelation occurred when SLN suspensions were 
held under conditions where polymorphic transitions from the -to- form occurred. I 
hypothesized that aggregation was due to hydrophobic attraction between exposed patches on 
the surfaces of lipid nanoparticles when they changed from spherical to ellipsoid, since this 
increased their surface area. If this hypothesis is true, then the tendency for particle aggregation 
to occur should depend on the rate at which the polymorphic transition occurs, the nature of the 
shape change (kinetics, morphology, exposed surface area), the rate at which the emulsifier 
molecules adsorb to the newly formed oil-water interface, and the ability of emulsifiers to 
increase the repulsive interactions between particles. A systematic study on the influence of these 
parameters on the tendency for shape change, aggregation and gelation to occur in SLNs would 
be desirable. 
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My model of aggregation dynamics was able to quantitatively predict the -to- 
polymorph ratio and qualitatively predict the particle size distribution of SLN dispersions stored 
at room temperature. This model was based on several simplifying assumptions concerning the 
polymorphic transformation and particle interactions. The polymorphic transformation was 
assumed to follow first-order kinetics such that all particles underwent the transformation at the 
same rate and only -form particles could aggregate. These assumptions were in contradiction to 
my data, which showed significant content in highly aggregated samples. -form particles were 
assumed to have a disc shape with constant aspect ratio despite my data showing highly variable 
shapes across the population. Furthermore, even large aggregates were assumed to collide due 
to Brownian motion and the stability ratio was simply assumed to be a constant that yielded an 
appropriate aggregation timescale rather than being computed from interparticle forces. It would 
be useful to test the validity of these assumptions and incorporate the necessary physicochemical 
detail to make the PBE model sufficiently accurate for computational product design. 
My group has developed PBE models that can generate quantitatively accurate 
predictions of oil-in-water emulsion drop size distributions generated from high pressure 
homogenization [101]. To allow prediction of concentrated dispersions with different emulsifier 
types and concentrations, these models were extended to account for surfactant adsorption and 
drop surface coverage. Developing a more sophisticated PBE model to predict the drop size 
distribution and surfactant surface coverage of lipid nanoemulsions needs to be considered. 
These predictions will serve as essential inputs to the SLN aggregation model. 
In my study of the effect of oil type on the aggregation stability of NLCs, when the fatty 
acid oleic acid was used as the carrier oil, NLC dispersions exhibited significant aggregation until 
a relatively high oil concentration was used. A possible explanation of this poor performance is 
that oleic acid has an acid functional group, which may change the oil-surfactant interfacial 
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properties in an undesirable way. Further experimental investigation should be considered to test 
this hypothesis. I also hypothesized that the presence of oil molecules within the homogeneous 
lipid phase could change lipid-surfactant interfacial properties, increase the mobility of surfactant 
molecules at the particle surface and allow surfactant molecules that are redistributed during the 
polymorphic transformation to stabilize uncovered hydrophobic surfaces, which requires further 
investigation. 
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